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Abstract 
The interest in wind energy system is growing worldwide to reduce dependency on 
fossil fuel and to minimize the adverse impact of climate change. Currently, doubly fed 
induction generator (DFIG) based variable speed wind turbine technology with gearbox 
is dominating the world market share. However, the problems associated with induction 
generator based wind turbines are reactive power consumption, mechanical stress and 
poor power quality. Moreover, the gearbox requires regular maintenance as it suffers 
from faults and malfunctions. Therefore, it is important to adopt technologies that can 
enhance efficiency, reliability and reduce system cost of wind based power generation 
system. The performance of a variable speed wind turbine can be enhanced significantly 
by using a low speed permanent magnet synchronous generator (PMSG) without a 
gearbox. The main features of PMSG based wind turbines are; gearless operation, 
higher efficiency, enhanced reliability, smaller size, reduced cost and low losses. The 
main aim of this thesis is to develop improved control strategies for an efficient and 
reliable grid interface system for a gearless, direct drive variable speed wind turbine. 
This thesis focuses on several aspects of modelling and control of interior permanent 
magnet (IPM) synchronous generator based grid connected variable speed wind turbine 
with maximum power extraction (MPE). Both the indirect and direct control strategies 
are addressed for IPM synchronous generator based variable speed wind turbines. The 
main contributions of this thesis are; (i) development of parameter measurement 
methods to determine the parameter of an IPM synchronous generator, (ii) development 
of an improved indirect vector control scheme for the IPM synchronous generator based 
direct drive variable speed wind turbine, incorporating maximum torque per ampere 
trajectory (MTPA) and maximum power extraction (MPE) algorithm (iii) development 
of direct torque and flux (DTFC) control scheme for the IPM synchronous generator 
based direct drive variable speed wind turbine, and (iv) development of  control and 
power management strategy for a three level converter based STATCOM with Super-
capacitor energy storage to enhance the performance of the proposed wind energy 
conversion system under various disturbances. 
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The parameters of IPM synchronous generators have an important influence on the 
steady state and dynamic performance analysis of the variable speed wind turbine. The 
knowledge of the machine model and accurate parameters is mandatory to analyze the 
performance and to design efficient and fast controllers for the variable speed wind 
turbine. Therefore, accurate measurement of these parameters is essential. This thesis 
presents simple practical methods of determining parameters such as magnet flux, and,  
d- and q-axes inductances of an IPM synchronous generator. An experimental test set-
up is developed and the results are presented. 
The second contribution of the thesis is to develop an improved indirect vector control 
scheme for the IPM synchronous generator based direct drive variable speed wind 
turbine, incorporating maximum torque per ampere trajectory (MTPA) and a maximum 
power extraction (MPE) algorithm. The main advantage of incorporating MTPA 
trajectory in the control scheme is that it can generate the required torque with a 
minimum stator current. Therefore, the stator loss of the IPM synchronous generator is 
minimized.  The proposed control scheme is simulated in Matlab/SimPowerSystems 
environment and experimentally implemented using a DSpace DS1104 digital signal 
processor (DSP) system. The simulation and experimental results confirm the 
effectiveness of the developed control scheme to control the direct drive variable speed 
wind turbine with MPE under varying wind speed.  
In an indirect vector control scheme, the IPM synchronous generator torque is 
controlled by controlling the d- and q-axes currents. Therefore, the generator torque is 
controlled indirectly by controlling d- and q-axes currents in the rotor reference frame. 
As the calculations are done in the rotor reference frame, a coordinate transformation is 
necessary in this scheme. This scheme is affected by generator parameter variations and 
introduces delay in the control system. Therefore, an advanced direct torque and flux 
control (DTFC) scheme for IPM synchronous generator based variable speed wind 
turbine with MPE is proposed in this thesis to overcome the drawbacks associated with 
indirect vector control scheme. The DTFC scheme possesses advantages such as lesser 
parameter dependence and reduced number of controllers compared with traditional 
indirect vector control scheme. The direct control scheme is simpler and can eliminate 
the drawbacks of traditional indirect vector control scheme.  
 
vi 
 
Finally, this research has also developed control and power management strategy for a 
multilevel converter based STATCOM with Super-capacitor energy storage to ensure 
the reliable operation and enhance fault ride through capability of the direct drive 
variable speed wind turbine under various disturbances. Results confirm the 
effectiveness of the proposed control and power management strategy. 
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Chapter 1 
 
Introduction 
 
 
 
 
1.1 Background 
 
Recent trend indicates that wind energy will play a major role to meet the future energy 
target worldwide to reduce reliance on fossil fuel and to minimize the adverse impact of 
climate change. Wind energy is the fastest growing generation technology among the 
renewable energy sources. Over the last decade, the global wind energy capacity has 
increased rapidly and wind is an important competitor to the traditional sources of 
energy. In 2013, more than 35 GW of wind power capacity was added to the global 
wind generation capacity which became 318 GW as shown in Fig.1.1 [1]. Since 2008, 
annual growth rates of cumulative wind power capacity have averaged 21.4%, and 
global capacity has increased eightfold over the past decade [1], [2]. Recently, capital 
costs of wind generation technologies have declined primarily due to the competition 
and advanced technology development including taller towers, longer blades, and 
smaller generators in low wind speed areas—have increased capacity factors [1]. The 
technological development contributed to reduce the costs of wind turbines and made it 
competitive relative to fossil fuel based generation.  Onshore wind-generated power is 
now more cost competitive on a per kWh basis with new coal/gas fired power plants, in 
several markets (including Australia, Brazil, Chile, Mexico, New Zealand, South Africa, 
Turkey, much of the EU, and some locations in India and the United States) [1], [2].  As 
a result of this trend, high level of wind energy (>30%) will be integrated into the power 
grid and major challenges and issues will appear, which are needed to be addressed for 
efficient and reliable operation of the existing power system.  
 
As the wind penetration increases, the structure and dynamics of the power system 
network will change significantly over the coming decades. Due to the intermittent 
nature of wind power,   the   replacement of   traditional synchronous   generators  with  
power    electronic  converter-based   synchronous    generators will  introduce    special  
2 
 
 
(a) Global wind power capacity (2000-2013) 
 
 
 
 
(b) Global wind power capacity and addition, Top 10 countries. 
 
Figure 1.1 Global wind power capacity (2000-2013) [1]. 
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challenges in; grid interconnections and bi-directional power control, tight voltage and 
frequency regulation, dynamic stability, low voltage fault ride through, satisfy grid 
code, system security, reliability, and protection [3]. 
 
Therefore, a better understanding of the technology involved with the grid integration of 
the variable speed wind turbines and possible impacts of large scale wind integration to 
the power grid is mandatory to ensure reliable and secure operation of the power 
system.  
 
 
1.2 Recent Trends in Wind Turbine Technologies and Control  
Over the last two decades, wind power has become the most promising renewable 
energy technology due the development in wind turbine aerodynamics, structure, 
variable speed generator technologies, power electronics and DSP (digital signal 
processor) based control topologies. The wind turbine industries is continuously moving 
forward in order to increase efficiency and controllability of the variable speed wind 
turbines to enhance the large scale grid integration of wind energy conversion system. 
Recent trend indicates an increase in large scale wind farms, which will contribute to 
significant share of the energy. They will also introduce new challenges and issues in 
the power system operation and control. These challenges include integration to the 
weaker grid, voltage and frequency regulation, dynamic voltage stability under 
disturbances, power fluctuations and changing dynamics of the conventional power 
plants [3], [4]. The wind farms will have to fulfil the new grid code requirement for 
reliable and stable operation of the power system. Currently, the doubly fed induction 
generator (DFIG) based gear-driven variable speed wind turbine technology dominating 
the market. However, there is an increasing trend for permanent magnet synchronous 
generator (PMSG) based gearless direct drive variable speed wind turbine due to 
superior performance, efficiency, smaller size, less maintenance and enhanced fault ride 
through capability [3]. 
 
   
 
 
4 
 
1.2.1 Wind Turbine Technologies  
 
1.2.1.1 Fixed Speed Wind Turbine Technology 
Fig.1.2 show the fixed speed wind turbine which uses a squirrel cage induction generator 
(SCIG) directly connected to the grid through a coupling transformer [3]. A capacitor bank 
is required for the compensation of reactive power requirement of induction generator. The 
problems associated with induction generator based fixed speed wind turbines are 
reactive power consumption, mechanical stress and poor power quality [4], [5]. In a 
fixed speed wind turbine, fluctuations in wind speed are transmitted as fluctuations in the 
mechanical torque, and that results in fluctuations in the electrical power [4]. The power 
fluctuations can also lead to large voltage fluctuations in a weak grid system [4]. This 
configuration does not support any speed control, it requires a stiff grid and its mechanical 
construction must be able to tolerate high mechanical stress [3]. 
 
1.2.1.2 DFIG Based Gear-Driven Variable Speed Wind Turbine Technology 
Currently, variable-speed wind turbine technologies are very popular because of their  
advantages such as increased energy capture, maximum power extraction, higher  
efficiency and better power quality [4]-[6]. Most of the current installed turbines use 
doubly fed induction generator (DFIG) based variable speed wind turbines with gearbox 
as shown in Fig.1.3 (a) [7]-[10]. The advantage of this technology is that it requires 
power converter with reduced capacity (30% of full capacity) as the converter is 
connected to the rotor circuit instead of stator circuit [4]. In this configuration, the stator 
is directly connected to the grid and the rotor is connected to grid through a power converter 
to control the rotor frequency and the rotor speed [4]. Depending on the size of the 
frequency converter (usually rated at approximately 30% of nominal generator power) this 
technology can operates in a wide speed range. Typically, the variable speed range is ±30% 
around the synchronous speed, which makes this concept attractive and popular from 
economic point of view [11]. When the generator runs at super-synchronous speed, the 
electrical power is injected to the grid through both the rotor and the stator. When the 
generator runs at sub-synchronous speed, the electrical power is delivered into the rotor 
from the grid [3]. Fig.1.3 (b) and Fig.1.3(c) show self-excited induction generator and 
wound rotor synchronous generator based gear driven variable speed wind turbines, 
respectively.  
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However, the main drawback of this type of wind turbine is the requirement of   a 
gearbox which requires regular maintenance and suffers from faults and malfunctions 
[4]. Moreover, it increases the overall size of the wind turbine. Another disadvantage of 
DFIG topology is that it is very sensitive to grid disturbance, especially for the voltage dip, 
due to the fact that the stator is directly connected to the grid [3].  The voltage dip could 
cause over voltage and over current in the rotor windings and consequently damaged the 
rotor side converter [3]. To provide a DFIG with good fault ride through (FRT) the wind 
turbine and the power converter should have the ability to protect itself, without 
disconnecting during faults. In order to fulfill this requirement, a crowbar is needed to offer 
extra protection to bypass the converter by short-circuiting the rotor windings [12]. 
 
1.2.1.3   PMSG Based Gearless Direct Drive Variable Speed Wind turbine with Full 
scale Converter 
In this configuration, the generator rotor is directly connected to the turbine rotor 
without any gearbox and the generator is interfaced with the grid/load using full scale 
AC-DC-AC power converters as shown in Fig.1.4. This configuration is most suited for 
full power control as it is connected to the grid through a power converter. The permanent 
magnet synchronous generators (PMSGs) used in this configuration are low speed 
generators with suitable number of poles and able to produce higher torque at low speed. 
The full-scale power converter can perform smooth grid connection over the entire speed 
range [3]. The power electronic converters used in this configuration have two primary 
goals: to act as an energy buffer (DC-link) for the power fluctuations caused by the wind 
turbine  and for the transients coming from the grid side and enables the system to control 
active and reactive power [3]. The main features of PMSG based wind turbines are [13]-
[20]: 
o gearless operation and enhanced reliability 
o simple structure, smaller size and reduced cost 
o low mechanical and electrical losses 
o higher power factor and efficiency 
o no requirement for reactive power support 
o higher cost and power losses in the converters. 
o No need of external excitation. 
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This type of wind turbine has a better fault ride through capability compared with the 
DFIG system with better efficiency and lesser complexity. Therefore, direct drive 
variable speed wind turbine  is becoming more  attractive [21]. However,  the reactive 
power requirements can be fulfilled through the power converter control for both DFIG 
and direct drive wind turbine with full scale converter concepts [3], [22]. 
 
 
Figure 1.2 Fixed speed wind turbine with induction generator. 
 
 
(a)  DFIG 
(b)  
 
(c) Self excited induction generator (SEIG) 
 
 
(c) WRSG 
Figure 1.3 Gear-driven variable speed wind turbines. 
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Figure 1.4 Gearless Direct drive variable speed wind turbine PMSG or Multi-pole synchronous generator. 
 
 
1.3 Problem Statement and Motivation for the Current Research 
Recent trends indicates a significant increase in large wind farms with PMSG based 
gearless direct drive wind turbine technology due to their advantages over induction 
generator based wind turbine with gearbox. These turbine generators will be connected 
to the grid through a full scale power electronic converters and expected to have 
capabilities of voltage/frequency regulation, reactive power support and fault ride 
through to maintain stable operation and to keep them connected to the grid under 
various disturbances. Therefore, it is necessary to design and develop reliable and 
efficient control strategies for PMSG based direct drive variable speed wind turbines to 
meet the grid code requirement. As the wind penetration into the grid is increasing, an 
efficient and reliable controller for the wind turbine is very important. This research will 
investigate the control strategies for a direct drive variable speed wind turbine with 
interior permanent magnet (IPM) synchronous generator. The main aims of this research 
include; analysis and modelling, improved controller design and implementation and 
application of supercapacitor energy storage to ensure dynamic voltage stability and 
reliable system operation.  
 
 Fig.1.4 shows the configuration for a direct drive variable speed wind turbine with 
PMSG where the generator is interfaced with the grid using back to back voltage source 
converters. The generator side AC-DC converter is used to control the speed/torque and 
to extract maximum power under varying wind speeds. The grid side DC-AC converter 
is used to control the power flow to the grid. The two converters are linked by a dc link 
capacitor to ensure separate control for each converter. Most of the previous works 
related to PMSG based wind turbines are based on surface type permanent magnet 
AC
Grid
Multi-pole SG or PMSG
Control system
DC Bus ac
ac
AC-DC DC-AC
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synchronous generator [13]-[18]. Several manufacturers including SIEMENS, GE, 
Suzlon are producing multi MW scale wind turbines, which are based on surface type 
PMSG for which the d-axis  and q-axis inductances are equal, Ld=Lq. However, much 
attention has not been paid to interior permanent magnet (IPM) synchronous generator 
based variable speed wind turbines. The IPM synchronous generator (for which Ld ≠ Lq)  
can produce more power than that of a surface type PMSG by utilizing their rotor 
saliency [18]. The IPM generator can be operated over a wide speed range by using flux 
weakening and allows constant power like operation at speeds higher than the rated 
speed [18], [19]. This research is focused on the control of IPM synchronous generator 
based variable speed wind turbine. 
 
Traditionally, PMSG is controlled using switch-mode boost rectifier [13], [23], [24], 
three switch PWM rectifier [15], vector controlled PWM rectifier [18], [19]. The 
switch-mode rectifier has simple structure and low cost. However, it introduces high 
harmonic distortion and unable to control the power factor, which affects the system 
performance and efficiency [18], [19]. Therefore, vector controlled back to back PWM 
converter with voltage source converter (VSC) is preferred for IPM synchronous 
generator based variable speed wind turbines.  In a traditional vector control scheme, 
the d-axis current is regulated to zero and the q-axis current is controlled to control the 
torque of the generator in the rotor reference frame. However, in an IPM synchronous 
generator both d- and q-axis currents need to be regulated to utilize the rotor saliency 
and to enhance the system efficiency. In this thesis, an enhanced vector control scheme 
is presented by incorporating maximum torque per ampere trajectory and maximum 
power extraction algorithm to enhance system performance with increased energy 
capture and efficiency, and low losses.  
 
In a vector control scheme, the torque of the generator is controlled indirectly by 
regulating the d-axis current id and q-axis current iq according to the generator torque 
equation. The current control is executed at the rotor dq-reference frame, which rotates 
with the rotor. Therefore, coordinate transformation is involved and a position sensor is, 
thus, mandatory for the current control loop. All these tasks introduce delays in the 
system [25],[26]. This control scheme is also affected by the parameter variation. 
Moreover, the torque response under this type of control is limited by the time constant 
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of stator windings [25].  Since the last two decades, Direct Torque Control (DTC) 
scheme has become popular for variable speed ac motor drives. Direct torque control for 
induction motor was developed by Japanese and German researchers I. Takahashi and 
T. Noguchi (1984, 1985) [26]; Depenbrock (1985) [27]. Later on, the DTC scheme is 
implemented for permanent magnet synchronous motor based variable speed drive 
applications. Recently, the direct control scheme is also applied to induction generator 
based variable speed wind turbine applications [28]-[30]. However, little attention has 
been paid to the application of direct control scheme for IPM synchronous generator 
based direct drive variable speed wind turbine. In this thesis, the direct control scheme 
is proposed for an IPM synchronous generator based variable speed wind turbine to 
overcome the problems associated with the traditional indirect vector control scheme. In 
this scheme, the generator torque and flux linkage are controlled directly and 
independently by the selection of optimum inverter switching modes. The main features 
of this control scheme include; simpler control methods, no requirement for coordinate 
transformation, lesser parameter dependence, and absence of several controllers.  
 
In the past, wind power penetration to the power grid was low and it was not a major 
concern.  With the increased penetration level of wind energy to the power grid, it has 
become necessary to address problems associated the stability, reliability and security of 
the power system. Dynamic voltage stability and low voltage ride through (LVRT) or 
fault ride through (FRT) capability are the basic requirement for the wind firm in many 
countries. Transmission system operators require the wind farms to be connected to the 
network during faults or disturbances by proving necessary reactive power support. 
Wind firms should have the capability to continue uninterrupted power supply under 
any disturbances and follow the grid code requirements. Dynamic voltage stability and 
fault ride through are the important issues among the challenges for grid connected 
wind firms with large penetration level.  The application of an energy storage system in 
a wind farm can minimise some of the major challenges of grid integration of wind 
farm.  Energy storage can play a vital role to smooth the fast wind-induced power 
variations. This energy storage can also enhance the low voltage ride through capability 
(LVRT) of wind turbine. In this thesis, issues and impacts associated with the wind 
integration into the grid are discussed. As a remedial measure, the application of static 
synchronous compensator (STATCOM) with supercapacitor energy storage is 
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investigated to enhance the dynamic performance of a grid connected wind firm. The 
control strategy for the STATCOM with supercapacitor energy storage is developed to 
enhance the dynamic voltage stability of the wind firm.  The STATCOM has the ability 
to provide voltage support by supplying or absorbing reactive power into the power 
network under disturbances.  
 
1.4 Contributions of This Research 
The main aim of this research is to develop efficient and reliable control strategies for a 
direct drive IPM synchronous generator based variable speed wind turbine to ensure 
efficient and reliable grid integration of wind farm. This thesis focuses on several 
aspects of modelling and control of interior permanent magnet (IPM) synchronous 
generator based grid connected variable speed wind turbine with maximum power 
extraction (MPE). Both the indirect and direct control strategies are addressed for IPM 
synchronous generator based variable speed wind turbine. The main contributions of 
this thesis are; 
(i) Mathematical Analysis and computer modelling of IPM synchronous generator 
based variable speed wind turbine. The detail analysis of IPM synchronous 
generator are presented  in this thesis, which is required to develop control 
strategies 
(ii) development of parameter measurement methods to determine the parameter of 
IPM synchronous generator. The accurate machine model and parameters are  
required to analyse the performance and to design high performance 
controllers. A simple parameter measurement method is developed in this 
thesis for the accurate measurement of parameter of IPM synchronous 
generator.  
(iii) development of an improved indirect vector control scheme for the IPM 
synchronous generator based direct drive variable speed wind turbine, 
incorporating maximum torque per ampere trajectory (MTPA) and maximum 
power extraction (MPE) algorithm. 
(iv)  development of direct torque and flux (DTFC) control scheme for the IPM 
synchronous generator based direct drive variable speed wind turbine 
(v) development of  control and power management strategy for a three level 
converter based STATCOM with Super-capacitor energy storage to enhance 
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the performance of the proposed wind energy conversion system under various 
disturbances. 
 
1.5 Thesis Outline 
This thesis is structured in seven chapters. The first chapter is started with introduction 
about the wind turbine technologies and their features, limitations and background. The 
problem statement and motivation of current research and the contributions of the thesis 
are presented.  
 
In chapter 2, the mathematical analysis and modelling of wind turbine is presented. The 
modelling of wind turbine is presented including the stream tube model of air flow for 
maximum power extraction by a wind turbine. The influence of number of turbine rotor 
blades is also discussed. Wind turbine power characteristics and different aerodynamic 
power control strategies are discussed. Finally, different wind turbine configurations are 
presented. 
 
Chapter 3 presents the detail analysis and dq-axis modelling of a permanent 
synchronous generator (PMSG) used in this research. A simple methods of determining 
parameters such as magnet flux (λM), d-axis inductance (Ld)  and q-axis inductance (Lq) 
of interior permanent magnet (IPM) synchronous generator, which are used to control 
the wind turbine generator is presented in chapter 3. The effectiveness of parameter 
measurement methods are demonstrated by experimental results.  
 
Chapter 4 discusses control strategies for PMSG based direct drive variable speed wind 
turbine. A review of control strategies for the direct drive wind turbine with PMSG is 
presented first. Then, the modelling, analysis and control of IPM synchronous generator 
direct drive variable speed wind turbine using switch-mode rectifier is presented. 
Finally, an enhanced vector control scheme for interior permanent magnet (IPM) 
synchronous generator is developed by incorporating maximum torque per ampere 
trajectory and maximum power extraction algorithm. Finally, simulation and 
experimental results are presented. 
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In Chapter 5, the direct control scheme is implemented for an IPM synchronous 
generator based variable speed wind turbine to overcome the problems associated with 
the traditional indirect vector control scheme. This scheme has several advantages 
compared to the traditional vector control scheme as explained in chapter 5. The 
proposed control scheme is implemented in Matlab/SimPowerSystems and results show 
that the controller can regulate the generator speed extract maximum power under 
constant and varying wind speed. 
 
Chapter 6 discusses the issues and impacts associated with the wind integration into the 
power grid. The application of static synchronous compensator (STATCOM) with 
supercapacitor energy storage is investigated to enhance the dynamic performance of a 
grid connected wind firm. Simulation model and associated controllers have been 
implemented in Matlab/SimpowerSystem and results are discussed. 
 
Finally, a conclusion and future work recommendations are presented in Chapter 7. 
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Chapter 2 
 
Modelling of Wind Turbine and Wind Energy System 
Configurations 
 
 
2.1  Overview 
 
Wind turbine model is required to design and implement controllers for wind energy 
conversion system. In this chapter, the mathematical analysis and modelling of wind 
turbine is presented. This chapter begins with the discussion of the wind source and its 
characteristics. Then the modelling of wind turbine is presented including the stream 
tube model of air flow for maximum power extraction by a wind turbine. The influence 
of number of turbine rotor blades is also discussed. Wind turbine power characteristics 
and different aerodynamic power control strategies namely passive/active stall control 
and pitch control are discussed. Finally, wind turbine configurations are presented. 
 
2.2   Wind Source and Characteristics 
Wind is a huge source of renewable energy and it is used as an energy source for a long 
time. Wind is generated by the atmospheric pressure differences which arise from 
unequal heating of earth’s surface by the sun [31]. The sun heats the atmosphere 
unevenly, so some regions become warmer than others. These warm regions air raise, 
other air blows in to replace them and wind blows. The irregularities of the earth's 
surface and rotation of the earth,  the heat capacity of the Sun, the cooling effect of the 
oceans and polar ice caps temperature gradients between land and sea contributes to 
wind flow [31]-[33]. 
 
The sun heats the land more than the seas during the day time. The warmed air rises and 
creates a low pressure at ground level, which attracts the cool air from the sea. This is 
called a sea breeze [31]. Since water cools at a lower rate than the land at night, the 
wind blows in the opposite direction. The land breeze at night generally has lower wind 
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speeds due to the smaller temperature difference between land and sea at night. Similar 
breezes are created on mountains as warmer air rises along the heated slopes [31]. 
During the night, the cooler air goes downhills. The global wind flow in a given area is 
determined by the temperature variation between the poles and the equator, and the 
local winds [31].  
 
Wind is a form of solar energy. It is estimated that about 1% of the total incoming solar 
radiation to the earth is converted into wind energy [31]. The global wind resource is so 
large and that only small part of it can generate more electrical energy than what is 
currently being consumed [31]. The equivalent solar energy received by the earth                
in ten days is enough to fulfil the total energy demand. 
 
Fig. 2.1 shows a typical wind speed and corresponding power variations. The wind is 
fluctuating in nature, power variations may occur that can affect the wind energy system 
performance [4]. 
 
 
     
Figure 2.1 Typical wind speed and corresponding power variation. 
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2.3  Modelling of Wind Turbine  
Wind is the movement of air mass and it has kinetic energy. This kinetic energy of the 
wind can be converted mechanical energy using a wind turbine with rotor blades.  This 
mechanical energy is then converted to electrical energy using a generator. 
 
2.3.1 Power in the Wind 
Consider an air mass m flowing through an area A with a speed of vw as shown in Fig. 
2.2 [34]. The kinetic energy of wind is given by [34]:    
    𝐾. 𝐸 =
1
2
𝑚𝑣𝑤
2                                                                                                    (2-1) 
where, 
m = air mass (kg) 
vw = wind speed (m/s) 
 
The power is energy per unit time, the power represented by a mass of air moving with 
a  velocity of  vw  through an area A for a duration of time  T is given by [34]: 
             𝑃𝑤𝑖𝑛𝑑 =
1
2
×
𝑚𝑎𝑠𝑠
𝑇𝑖𝑚𝑒
× 𝑣𝑤
2 =
1
2
×
𝑚
𝑇
× 𝑣𝑤
2                                                             (2-2) 
Since mass flow rate (m/T) through area A is the product of air density, ρ , air speed vw 
and cross-sectional area A, then equation (2-2) can be written as 
 𝑃𝑤𝑖𝑛𝑑 =
1
2
𝜌 𝐴 𝑣𝑤
3                                                                            (2-3) 
 where,  
 Pwind = power in the wind (W) 
 ρ = air density (kg/m3) (at 150 C and 1 atm, ρ = 1.225 kg/m3) 
  A = cross-sectional area through which the wind passes (m
2
) 
                                                                      
 
Figure 2.2 Air mass m flowing through an area A with a velocity vw 
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Figure 2.3 Power in the wind (at 15
0
C and 1 atm). 
 
A plot of equation (2-3) is shown in Fig.2.3 [34]. The power in the wind increases as the 
“cube” of the wind speed. This means that the doubling the wind speed increases the 
power by eight times. Equation (2-3) also suggests that the wind power is proportional 
to the swept area covered by the wind. 
 
 
2.3.2  Power Captured by the Wind Turbine 
A wind turbine converts the kinetic energy in the wind into mechanical energy using the 
rotor blades. The amount of energy which the wind transfers to the rotor depends on the 
density of the air, the rotor swept area, and the wind speed [34]. The rotor blades of the 
wind turbine capture only part of the available wind power, and the actual power 
extracted by a wind turbine is given by [34],[35]: 
   𝑃𝑇 = 𝐶𝑝 × 𝑃𝑤𝑖𝑛𝑑 =
1
2
𝜌 𝐴 𝑣𝑤
3 × 𝐶𝑝(𝜆, 𝛽)                      (2-4) 
where,  
 PT =  Turbine power (W) 
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 CP = Coefficient of performance or power coefficient known as Betz Limit. 𝐶𝑝 
is the turbine rotor power coefficient, which is a function of tip speed ratio 
(λ) and pitch angle (β). 
Equation (2-4) indicates that there are three options  for increasing the power captured 
by a wind turbine. These are: 
 wind speed vw,  
 power coefficient CP,  and  
 Swept area A=πl2, where  l is the blade length 
Wind speed cannot be controlled. Therefore, the wind turbine should be located in 
regions where the wind speed is high to increase the captured power.  The captured 
power is a cubic function of wind speed. Doubling the average wind speed would 
increase the wind power by eightfold [35].  
 
The German engineer Betz showed that the maximum power extracted from an air 
stream is 16/27 or 0.59 of the theoretical available power [35].Only 59% of the wind 
power can be captured by a wind turbine even if the power losses are neglected. The 
power coefficient of a modern turbine usually varies from 0.2 to 0.5 depending on the 
turbine speed and number of blades. For a three blade turbine with a rotor diameter of 
82 m and power coefficient of CP=0.36, the captured power is 2 MW at a wind speed of 
12 m/s and air density of ρ=1.225 kg/m3 [35]. Fig. 2.4 shows typical 𝐶𝑝 − 𝜆 
characteristics. 
 
Figure 2.4.  Power coefficients versus tip speed ratio. 
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The coefficient of performance of a wind turbine is influenced by the tip-speed to wind 
speed ratio (TSR), which is given by [35]: 
𝑇𝑆𝑅 = 𝜆 =
ɷ𝑚 𝑅
𝑣𝑤
                                                           (2-5)     
            𝑣𝑤 =
ɷ𝑚 𝑅
𝜆
                         (2-6) 
where,  
ωm = the mechanical speed of the turbine rotor (rpm)  
R = the radius of the turbine (m).  
By substituting vw from equation (2-6) into equation (2-4), the turbine power can be 
written as; 
𝑃𝑇 =
1
2
𝜌 𝐴 𝐶𝑝 (
ɷ𝑚 𝑅
𝜆
)
3
           (2-7) 
 
2.3.3 Optimum Power Extraction from a Variable Speed Wind Turbine 
The wind turbine can produce maximum power when the turbine operates at maximum
pC  (i.e. at Cp_opt) as indicated in equation (2-4). Therefore, the rotor speed should be 
kept at an optimum value of the tip speed ratio, opt  to ensure maximum power 
extraction from the wind.  If there is any change in wind speed the turbine rotor speed 
should be adjusted accordingly.  
 
The target optimum power can be written from equation (2-7) as; 
          𝑃𝑚_𝑜𝑝𝑡 = 0.5𝜌 𝐴𝐶𝑝_𝑜𝑝𝑡 (
ɷ𝑚_𝑜𝑝𝑡×𝑅
𝜆𝑜𝑝𝑡
)
3
= 𝐾𝑜𝑝𝑡(ɷ𝑚_𝑜𝑝𝑡)
3
                          (2-8) 
where, 𝐾𝑜𝑝𝑡 = 0.5𝜌 𝐴𝐶𝑝_𝑜𝑝𝑡 (
𝑅
𝜆𝑜𝑝𝑡
)
3
                   (2-9) 
            ɷ𝑚_𝑜𝑝𝑡 =
𝜆𝑜𝑝𝑡
𝑅
𝑣𝑤 = 𝐾𝑤𝑣𝑤                 (2-10) 
 𝐾𝑤 =
𝜆𝑜𝑝𝑡
𝑅
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So the target optimum torque can be given by 
 𝑇𝑚_𝑜𝑝𝑡 = 𝑃𝑚_𝑜𝑝𝑡/ɷ𝑚_𝑜𝑝𝑡 = 𝐾𝑜𝑝𝑡(ɷ𝑚_𝑜𝑝𝑡)
2
                     (2-11) 
The optimum torque can be calculated from the optimum power as shown in equation 
(2-11). When the generator speed below the rated speed, the generator follows the 
equation (2-8). If the generator speed exceeds the rated speed, the wind turbine energy 
capture must be limited by applying pitch control or driving the machine to the stall 
point [23].  
 
For a specific wind speed, output power of a wind turbine varies with turbine speed. 
The mechanical power generated by a wind turbine as a function of the rotor speed for 
different wind speed is shown in Fig. 2.5 [23]. The optimum power curve which defines 
maximum energy capture from the fluctuating wind is also shown in Fig 2.5. The 
controller should regulate the turbine speed to ensure the operation of the turbine keep 
the turbine on this curve as the wind speed changes.  As shown in Fig.2.5, there is a 
matching turbine rotor speed which produces maximum power for any given wind 
speed. If the controller can properly designed to follow the variation in wind  speed, the 
wind turbine will capture maximum power at any speed within the operating range [23]. 
 
 
Figure 2.5.   Mechanical power generated by turbine as a function of the rotor speed for different wind 
speed. 
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2.3.4   Stream Tube Model of Air Flow for Theoretical Maximum Power Extraction 
In 1919, the German physicist Albert Betz first formulated the derivation of maximum 
power that can be extracted from the wind [34].  Betz started the analysis by imagining 
what happens to the wind as it flows through the blades of wind turbine. As indicated in 
Fig.2.6, The downwind velocity is lower than upwind velocity due to energy capture by 
the wind turbine. The wind leaving the turbine blades has a lower velocity and pressure, 
causing the air to expand downwind of the turbine [34]. An envelope drawn around the 
air mass that passes through the turbine forms a “stream tube” as shown in Fig.2.6 [34]. 
The downwind velocity is lower than upwind velocity due to energy capture by the 
wind turbine. What Betz showed was that an ideal wind turbine would slow the wind to 
one-third of its original speed [34]. 
The power extracted by the blades PT is equal to the difference in kinetic energy 
between the upwind and downwind air flows [34]: 
𝑃𝑇 =
1
2
𝑚(𝑣𝑤1
2 − 𝑣𝑤2
2 )                                                                          (2-8) 
 
where, 
vw1 = upwind velocity of the undisturbed wind (m/s) 
vwT = velocity of the wind through the plane of the rotor blades (m/s) 
vw2 = downwind velocity (m/s) 
?̇? =  mass flow rate of air within the stream tube 
 
The mass flow rate at the plane of the rotor with a swept area A is 
?̇? = 𝜌𝐴𝑣𝑤𝑇                                                                                           (2-9) 
By assuming that the velocity of the wind through the plane of the rotor is the average 
of the upwind and downwind speeds, we get [34], 
𝑃𝑇 =
1
2
𝜌𝐴 (
𝑣𝑤1+𝑣𝑤2
2
) (𝑣𝑤1
2 − 𝑣𝑤2
2 )                                                                       (2-10) 
Let, x be the ratio of downstream to upstream wind speed as given below 
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Figure 2.6.  Wind leaving the turbine  slows and expands as a portion of its kinetic energy is extracted by 
the wind turbine, forming the stream tube shown [34]. 
 
𝑥 =
𝑣𝑤2
𝑣𝑤1
                                                                                                              (2-11) 
𝑣𝑤2 = 𝑥𝑣𝑤1                                                                                                        (2-12) 
𝑃𝑇 =
1
2
𝜌𝐴 (
𝑣𝑤1+𝑥𝑣𝑤1
2
) (𝑣𝑤1
2 − 𝑥2𝑣𝑤1
2 )                                                                (2-13) 
𝑃𝑇 =
1
2
𝜌𝐴𝑣𝑤1
3 ×
1
2
[(1 + 𝑥)(1 − 𝑥2)]                                                                (2-14) 
 
The first part of equation (2-14) shows the power available in the wind and the second 
part indicate the fraction of the wind power that is extracted by the blades. The second 
part indicates the efficiency of the wind turbine, usually represented by power 
coefficient Cp. Thus, the rotor efficiency is given by 
CP = 
1
2
(1 + 𝑥)(1 − 𝑥2)                                                                          (2-15) 
Therefore, the fundamental relationship for the power captured by the rotor blades is  
given by  
𝑃𝑇 =
1
2
𝜌𝐴𝑣𝑤1
3 × 𝐶𝑃                                                                                          (2-16) 
Downwind 
speedUpwind 
speed
vw1
vw2
vwT
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For maximum possible rotor efficiency, the derivative of equation (2-15) with respect to 
x would be equal to zero [34]: 
𝑑𝐶𝑃
𝑑𝑥
 = 
1
2
[(1 + 𝑥)(−2𝑥) + (1 − 𝑥2)] = 0 
 
1
2
[(1 + 𝑥)(−2𝑥) + (1 + 𝑥)(1 − 𝑥)] = 0 
 
1
2
[(1 + 𝑥)(1 − 3𝑥)] = 0 
 𝑥 = −1 𝑜𝑟 1/3 
∴ 𝑥 =
𝑣𝑤2
𝑣𝑤1
= −1 𝑜𝑟 1/3 
𝑣𝑤2 = −𝑣𝑤1   𝑜𝑟   𝑣𝑤2 =
1
3
𝑣𝑤1 
However, in reality upwind speed and downwind speeds are not equal and opposite. The 
blade efficiency will be maximum if it slows the wind to one-third of its upstream 
velocity as shown in Fig.2.7 [34]. 
Substituting x = 1/3 in equation (2-15), the theoretical maximum rotor blade efficiency 
is given by 
Rotor efficiency = CP = 
1
2
(1 + 𝑥)(1 − 𝑥2)=0.593=59.3%                                       (2-17) 
Therefore, the maximum theoretical efficiency of a wind turbine rotor is 59.3%, which 
is called the Betz efficiency or Betz’ law [34].  For a given wind speed, the wind turbine 
rotor efficiency is a function of the rate at which the rotor rotates. When the rotor rotates  
too slowly, the efficiency drops as  the turbine blades are bypassing too much wind. 
When the rotor rotates too fast, the turbine efficiency is dropped as the turbulence 
caused by one blade increasingly affects the blade that follows [34]. The Betz factor is a 
theoretical maximum power coefficient. But there are other effects which can cause 
decrease in maximum power coefficient. These are [34]: 
 rotation of the wake behind the rotor, 
 finite number of blades associated tip losses, and 
 non-zero aerodynamic drag.  
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Fig. 2.8 shows actual wake rotation behind the turbine. The overall turbine efficiency is 
a function of both power coefficient 𝐶𝑝, mechanical and electrical efficiency of wind 
turbine generator. The overall turbine efficiency 𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙, is given by [36]: 
 𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = 𝐶𝑝 𝜂𝑚𝑒𝑐ℎ+𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙                                                                     (2-18) 
Fig. 2.9 shows tip speed ratio verses maximum power coefficient, which indicates 
losses due to wake rotation, which is significant at low tip speed ratio [36].  
 
 
 
 
Figure 2.7 Ideal power coefficient verses vw2/vw1. 
 
 
 
 
Figure 2.8 Stream tube model including the rotating wake behind a turbine like energy converter. 
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Figure 2.9 Betz factor, rotor real power coefficient considering wake rotation and losses due to wake 
rotation. 
 
 
 
2.4   Influence of the Number of Turbine Blades on the Rotor Power 
Coefficient 
The performance of one, two, three and four blades wind turbine is shown in Fig.2.10. 
A one blade wind turbine requires higher wind speed to achieve maximum power 
coefficient. The power co-efficient of a wind turbine increases by about 10% from one 
blade to two blades, 4% for two blades to three blades and 2% for three blades to four 
blades rotor [36]. The higher the turbine blade numbers the higher the power coefficient 
[36]. A trade-off needs to be made in choosing the number of blades in a wind turbine 
considering size, cost and performances.  The three blades rotor presents the best trade-
off between mechanical stress, acoustic noise, cost, and rotational speed for large wind 
turbines [35]. 
Fig.2.11 (a), (b) and (c) show wind turbine with one, two and three blades, respectively.  
One blade rotor is aerodynamically unbalanced and moment of inertia changes due to 
rotation. It shows very high dynamic and mechanical stress [36]. Two blades rotor is 
dynamically unbalanced and moment of inertia changes due to rotation. It has rotor 
pulsating profile, similar to a rotating rod. Three blades rotor is aerodynamically 
balanced and moment of inertia does not change due to rotation [36]. 
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Figure 2.10 Influence of the number of turbine blades on the rotor power coefficient 
 
 
 
 
 
Figure 2.11 (a) One blade wind turbine (b) Two blades wind turbine (c) Three blades wind turbine 
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2.5 Horizontal Axis and Vertical Axis Wind Turbine 
According to the orientation of rotor blades, wind turbine can be classified as 
 Horizontal axis wind turbine, and 
 Vertical axis wind turbine 
                                                                                                                                
2.5.1 Horizontal Axis Wind Turbine (HAWT) 
In horizontal axis wind turbines (HAWT), the axis of rotation is horizontal to ground 
and parallel to the direction of the wind. There may be many designs of the horizontal 
axis windmills. These turbines can be classified as single-bladed, double-bladed, three-
bladed, multi-bladed and bicycle-bladed depending upon the number of blades [4]. 
Depending upon the orientation of the blades, this turbine can be categorized as up-
wind and down-wind turbines. Most of the horizontal axis wind turbines are of the 
upwind turbine.  As the wind changes direction, all horizontal axis wind turbine  have 
some means for keeping the rotor in to wind [37]. The advantages of HAWT s are low 
cut-in speed, easy furling, high power coefficient [38]. Horizontal axis wind turbines 
have    some   disadvantages, which are   complex    design,    higher   cost    and      it 
requires yaw drive to orient the turbine towards the wind [38]. Fig. 2.12 shows 
horizontal axis wind turbines [38].  
 
Figure 2.12 Horizontal axis wind turbine (a) upwind turbine (b) downwind turbine.                                                    
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2.5.2 Vertical  Axis Wind Turbine (VAWT) 
The axis of rotation of vertical axis wind turbine (VAWT) is vertical to the ground. and 
almost perpendicular to the direction of wind. The VAWT is also known as cross-wind 
axis machines. The principal advantages of VAWT over conventional HAWT are that 
VAWT are Omni directional, i.e. they accept the wind from any direction [38]. This 
simplifies their design and eliminates the problem imposed by gyroscopic forces on the 
rotor of conventional machines as the turbines yaw into the wind [38]. VAWTs have a 
higher air foil pitch angle, giving improved aerodynamics while decreasing drag at low 
and high pressures [38]. The disadvantages of VAWTs include lower energy capture, 
low starting torque, inability to self-starting and  lower efficiency [34]- [39]. Figure 
2.13 shows vertical axis wind turbines [38]. 
 
Fig. 2.14 shows a typical Cp-λ curve for three bladed horizontal axis wind turbine and 
vertical axis Darrieus wind turbine [38]. According to Betz limit power coefficient of 
lift force operated wind turbine is 59.3%. Normally all HAWTs are lift force operated. 
On the other hand, maximum power coefficient for drug force operated wind turbine is 
29.6%. VAWTs are drag operated. This is why lift machines are preferred over drag 
machines for wind energy conversion systems [38].  
 
 
Figure 2.13 Vertical axis wind turbine. (a) Musgrove wind turbine (b) Derries wind turbine 
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Figure 2.14 Performance characteristics of HAWT and VAWT 
 
2.6 Onshore  and Offshore  Wind Turbine 
 
Depending on the location there are two types of wind turbines. One is called onshore 
wind turbine, which is installed in the land. Other one is called offshore wind turbine, 
which is located at 1 to 75 km away from the shore. So wind turbine can be classified as 
 Onshore wind turbine, and         •   Offshore wind turbine   
 
2.6.1 Onshore Wind Turbine 
In onshore, wind speed significantly reduced due to the obstacles in landscape, 
mountains, trees and buildings. Onshore wind turbines needs higher tower structure for 
higher wind speeds.  Due to the higher tower structure and large rotor diameter, wind       
                
          Figure 2.15 Onshore wind farm.                                         Figure 2.16 Offshore wind farm. 
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turbine sizes are limited to 1-3 MW [38a]. As it is installed in the solid ground, standard 
concrete foundations cast on the site and there is unrestricted access to the site. Onshore 
wind farms installed capacity is normally 10-50 MW [38a].Fig.2.15 shows image of 
onshore wind farm. 
2.6.2  Offshore Wind Turbine 
On the other hand due to no obstacle in the offshore, high wind speed is available very 
close to the water surface. Offshore wind turbines needs lower tower structure for 
higher wind speeds. Due to the lower tower structure, wind turbine sizes are up to 3-7 
MW [38a].  Offshore wind turbine has a greater energy potential but marine conditions 
like weather, wind, waves, depth of water to the sea bed poses great challenges to the 
off shore wind farm project delivery and cost. Due to the different offshore sea bed soil 
condition, it needs different type of complex foundation. Access to the offshore site is 
restricted due to weather conditions in the sea. Offshore wind farms installed capacity is 
normally 50-1000 MW [38a]. Fig.2.16 shows image of offshore wind farm. 
 
2.7 Wind Turbine Aerodynamics  
The amount of energy captured by a wind turbine is influenced by the aerodynamic 
design of rotor blades. A well designed wind turbine should be able to limit the power 
and speed of the rotor for wind speeds above the rated value in order to keep the 
mechanical stress within the safety limit [35]. 
  
2.7.1 Wind Turbine Power Characteristics 
The power curve is the most important technical information for a wind turbine. The 
power characteristics of a wind turbine are defined by the power curve and the power 
curve relates the mechanical power of the turbine vs wind speed. The power curve is a 
wind turbine’s certificate of performance that is guaranteed by the manufacturer 
[34],[35]. A typical power curve is shown in Fig.2.17. This curve is characterised by 
three speeds: 
 Cut-in speed      
 Rated wind speed      
 Cut out wind speed 
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The cut in wind speed is the speed at which wind turbine starts to operate and deliver 
power. Below cut-in wind speed the turbine does not capture enough power to 
compensate for the power losses in the wind turbine drive train. Therefore, the wind 
turbine is shut down. The rated wind speed is the speed at which the wind turbine 
produce rated power [35]. The cut-out speed is the highest wind speed at which the 
turbine is allowed to operate before it shut down [5]. The turbine must be shut down to 
prevent mechanical damage if the wind speed is above the cut-out speed [35].  
As indicated in Fig. 2.17, the wind turbine starts to capture power at the cut-in speed 
and the captured power is a cubic function of wind speed as given by equation (2-4). 
The turbine continues to capture power until the wind speed reaches the rated value. 
The wind turbine generator should be controlled properly with maximum power 
extraction under varying wind speeds. In this region, blade pitch angle is held constant.  
By varying generator torque, it is possible to vary rotor speed or tip speed in proportion 
to wind speed to deliver peak power coefficient  𝐶𝑝 and therefore extract maximum 
power from wind [40]. As the wind speed increases above the rated speed aerodynamic  
 
 
Figure 2.17 Wind turbine power curve in different operating region. 
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power control is required to keep the power at the rated value.  Above the cut-out wind 
speed, the wind turbine should stop generating power and be shut down [35]. 
 
2.7.2 Aerodynamic Power Control of Wind Turbine 
The aerodynamics of wind turbines are very similar to that of airplane which can be 
explained by Bernoulli’s principle which states that as the speed of a moving fluid 
(liquid or gas) increases, the pressure within the fluid decreases [35]. The curved shape 
of the blade creates a difference between the wind speed above and below the blade as 
shown in Fig.2.18 [41]. The airflow above the blade is faster than the one below and 
according to Bernoulli’s principle it has the inverse effect on the pressure above and 
below the rotor blades [5]. The pressure difference between the top and bottom of the 
blade results in a net lift force on the blade. The produced torque creates the rotational 
movement of the wind turbine [35].  
One of the important parameters for controlling the lift force of the blade is the angle of 
attack α, (angle between the direction of the wind speed and the cord line of the blade) 
as shown in Fig.2.19 [35]. For a given blade, its lift force Fw can be adjusted by α. 
When α is equal to zero, no lift force or torque will be produced, which often occurs 
when the wind turbine is stopped (parked) for maintenance or repair [35]. Therefore, the 
angle of attack plays a vital role in determining the amount of force and torque 
generated by the wind turbine rotor blades. There are different aerodynamic control 
mechanisms to control the power capture for large wind turbines as shown in Fig.2.18. 
These are [35]: 
 Passive stall control 
 Active stall control 
 Pitch control, and  
 Yaw control 
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Figure 2.18. Wind Turbine components [41]. 
 
 
 
 
 
 
 
Figure 2.19.  Turbine blade aerodynamic and angle of attack. 
 
 
Lift force, F
α
wind flow 
Angle of attack,
Cord line
Angle of attack, α
Cord line
Direction of 
rotation
wind flow 
35 
 
 
(a) Passive stall at rated wind speed. 
 
(b) Passive stall at above the rated wind speed. 
Figure 2.20. Passive stall control. 
 
 
2.7.2.1 Passive Stall Control 
In this control, the turbine blade is fixed onto the rotor hub at rated angle of attack α. 
The turbine blades with the rated α can capture maximum power when the wind speed is 
below or at rated speed.  If the wind speed exceeds the rated value, it can cause 
turbulence on the surface of the blade not facing the wind. This causes  the lifting force 
to be reduced and eventually disappear with the increase in  the wind speed, slowing 
down the rotor speed. This phenomenon is called stall [35]. The passive-stall control is 
shown in Fig.2.20 [35], where the lift force produced by higher than rated wind speed, 
which is the stall lifting force Fstall is lower than the rated force F  [35]. 
 
2.7.2.2 Active Stall Control 
 
The wind turbine with active-stall control has adjustable blades with a pitch controller. 
The stall phenomenon is induced by the higher wind speed or by increasing the angle of 
attack of rotor blade.  At a wind speed higher than the rated speed, the blades are 
controlled to turn more into the wind, leading to reduction of captured power by the 
rotor blades. Therefore, the captured power can be maintained at the rated value by 
adjusting the angle of attack of the rotor blades [35]. Active stall control is shown in 
Fig.2.21 [35]. As shown by the dashed blade as shown in Fig.2.21 (b), if the turbine  
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(a) Active stall at rated wind speeds 
 
 (b) Active stall at above rated wind speeds 
Figure 2.21.  Active stall control. 
 
blade is turned completely into the wind, the blade loses all interaction with the wind 
and causes the rotor to stop. This mechanism can be used to stop the turbine and protect 
it from mechanical damage due to high stress, when the speed is above the cut-out wind 
speed [35]. 
 
 
 
2.7.2.3 Pitch Control 
 
The wind turbine with pitch control also has adjustable blades on the rotor hub. At a 
speed higher than rated speed, the pitch controller reduces reduce the angle of attack, 
turning the blades (pitching) gradually out of wind. The pressure difference between the 
front and back of the turbine blade is reduced, leading to a reduction in the lifting force 
on the blade [35]. The pitch control operation is shown in Fig. 2.22 [35]. At a speed 
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 (a) Pitch control at rated wind speed. 
 
(b) Pitch control at above rated wind speed. 
 
Figure 2.22. Pitch control. 
 
 below the rated speed, the blade angle of attack is kept at its rated (optimal) value α . At 
a speed higher than the rated wind speed, the angle of attack of the blade is reduced, 
causing a reduction in lift force, Fpitch. When the blade is fully pitched, the turbine   
blade angle of attack is aligned with the wind, as shown by the dashed blade in Fig. 
2.22(b), and no lift force will be generated [35]. The performance of the pitch control is 
given in Fig.2.22(b), where the mechanical power of the turbine operating at above the 
rated wind speed can  be tightly controlled [35]. Traditionally, hydraulics is used in 
pitch control. But now a day’s state of the art technology has introduced faster electro-
mechanical system for pitch control applications.  
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2.7.2.4 Pitch Control vs. Stall Control 
The rotating actions on the turbine are used in both the  pitch and active stall controls. 
However, the pitch control turns the turbine blade out of the wind, leading to reduction 
in lift force, whereas  the active-stall control turns the turbine blades into the wind, 
causing turbulences that reduced the lift force [35]. The passive stall may not be able to 
keep the captured power PM at a constant value, as shown in Fig.2.23 and it may exceed 
the rated power at some wind speeds [35]. The passive stall control was mainly used in 
early fixed-speed turbines. This control technique was further improved into the active-
stall technology [35]. Using the active stall control, it is possible to maintain the rated 
power above the rated wind speed, as shown in Fig.2.23. Active stall controlled wind 
turbine with several MW ratings are commercially available. The pitch controls reacts 
faster than the active-stall control and provide better controllability as shown in Fg.2.23. 
Pitch control is widely used in modern wind turbine system [35], [42]. 
 
 
Figure 2.23 Power characteristics of a wind turbine during stall, active and pitch control. 
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2.8  Wind Energy System Configurations 
A number of wind energy conversion system configurations have been developed to 
reduce cost, increase reliability and efficiency. The wind turbines can be classified as: 
 Fixed speed  
 Variable speed wind turbine.  
Fig. 2.24 shows wind energy system configurations using different type of generators 
used for fixed speed and variable speed wind turbines. 
 
 
Figure 2.24. Different generators for wind energy conversion system. 
 
2.8.1 Fixed Speed Wind Turbine 
A fixed speed wind turbine usually with a squirrel cage induction generator (SCIG) is 
directly connected to the grid without any power electronic converter [35], [43]. They 
are designed to achieve maximum efficiency at a particular speed. The fixed speed wind 
turbine features simple structure, low cost and reliable operation. However, it has a 
lower energy conversion efficiency compared to a variable speed wind turbine since it 
can extract maximum power only at one given wind speed [4]. 
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The fixed speed WECS starts to produce power when the wind speed is higher than the 
cut-in speed (3-4 m/s). At a speed higher than the rated wind speed (13 to 15 m/s), the 
power captured by the turbine is limited either by active/passive stall or pitch control of 
the rotor blades [35]. At a speed higher than the cut-out speed (around 25 m/s), the 
turbine is stopped by either full stall or full pitch of the blades to protect the turbine and 
generator from possible damage [35]. The rotating speed of large fixed speed turbines is 
normally in the range of 6 to 15 rpm, whereas the induction generator operates at much 
higher rpm (750 rom to 1800 rpm). The generator operating speed is determined by the 
number of poles and grid frequency [35]. 
As shown in Fig. 2.25, for a given wind speed, there is a corresponding maximum 
power point (MPP) on the turbine power vs speed curve. However, the fixed speed wind 
energy system can operate only at one MPP, which is at the rated wind speed  as  shown 
in Fig. 2.25. At a speed other than the rated speed, the wind turbine operates at the 
points which are lower than maximum power [35]. Therefore, a fixed speed wind 
 
            Figure 2.25. System operating point and maximum power points at different wind speeds. 
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turbine cannot extract maximum power available from the wind, which leads to a lower 
power conversion efficiency compared to a variable speed wind turbine. 
Fig.2.26 shows a grid connected fixed wind energy conversion system using a squirrel 
cage induction generator. The system includes a wind turbine, gearbox, SCIG, capacitor 
bank, and a transformer for grid connection. The  SCIG is normally used for fixed speed 
wind turbine applications due to the damping effect [39]. A synchronous condenser or 
capacitor bank is required for reactive power support in this type of wind turbine. Table 
2.1 summarizes the main features of a fixed speed wind turbine [4], [35], [43]-[44]. 
 
Table 2.1: Summary of main features of a fixed speed wind turbine 
 
Main Features  Description 
Simple and reliable 
structure  
 no power electronic converters 
 no slip rings or brushes 
 compact size and light weight 
Low costs  reliable low cost induction generator 
 no controller for generator 
Low conversion 
efficiency 
 fixed speed operation 
 unable to implement MPPT 
Low power quality  fluctuation in output power 
 no voltage ride through capability 
 no reactive power compensation capability 
High mechanical 
stress 
 reduction in life span of mechanical component due high stress 
 the variation in wind speed can cause a fluctuation in the 
mechanical torque and the electrical power injected to the grid. 
 the power fluctuations can also lead to large voltage 
fluctuations in a weak grid. 
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Figure 2.26. Squirrel cage induction generator based fixed speed wind turbine. 
 
 
 
 
2.8.2 Variable Speed Wind Turbine 
Variable speed wind turbines are designed to capture maximum energy from the wind 
over a wide speed range. In a variable speed wind turbine, it is possible to adapt variable 
rotational speed of the wind turbine to the wind speed to capture maximum power under 
varying wind speeds.  Figure 2.27 shows synchronous generator based variable speed 
wind turbine. Contrary to a fixed speed system, a variable speed system keeps the 
generator torque fairly constant and the variations in winds are absorbed by changes in 
the generator speed [44]. The variable speed wind turbines are equipped with a doubly 
fed induction generator, wound rotor or permanent magnet synchronous generator and 
connected to the grid or load through a power converter and coupling transformer.  
 
The variable speed wind turbines can be divided into [35]: 
 direct-drive (gearless) 
 indirect-drive turbines.  
In a gearless direct drive wind turbine, low speed synchronous generators with a higher 
number of poles are used. The no of poles of synchronous generators is chosen to match 
the turbine speed without any gearbox. Both wound rotor synchronous generator 
(WRSG) and permanent magnet synchronous generators (PMSGs) are suitable for the 
direct drive turbines [35]. However, a full-capacity power converter system is required 
to supply power to the grid. The direct drive gearless wind turbine system is shown in 
Fig. 2.27. 
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Capacitor bank
Grid
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Figure 2.27.  PMSG or Multi-pole synchronous generator. 
 
(a)  DFIG 
 
 
(b) Self-excited induction generator (SEIG) 
 
 
(c) WRSG 
 
Figure 2.28. Indirect drive variable speed wind turbines with gearbox. 
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Fig. 2.28 shows indirect drive variable speed wind turbines which consists of a wind 
turbine, mechanical gearbox, generator, power converter and a coupling transformer for 
grid integration. In Fig. 2.28(a) the rotor circuit of a DFIG can be connected to an 
external resistor or to an ac system via back to back power converter. It provides 
variable speed operation with a reduced capacity power converter (30% of full rated 
power) [35]. As the size of the power converter is smaller, it reduces the system losses. 
In Fig. 2.28(b) the self-excited induction generator (SEIG) and in Fig. 2.28(c) the 
wound rotor synchronous generator (WRSG) both are connected to the grid via back to 
back full rated converter for variable speed wind power generation. Table 2.2 
summarizes the main features of a variable speed wind turbine [42]-[46]. 
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Table 2.2: Summary of main features of variable speed wind turbines 
 
Main Features  Description 
Increased energy 
capture and 
efficiency 
  
 maximum power extraction can be achieved  over a wide 
speed range  
 variable speed operation allow the turbine to increases the  
energy capture and efficiency  
Low mechanical 
stress and improved 
power quality 
 wind gusts can be absorbed by storing the as the mechanical 
inertia of the turbine, creating an “elasticity” that reduces 
torque pulsations [23]. 
 increased life span of component due to lower mechanical 
stress 
 power converter decouples the grid from the wind turbine 
and the fluctuation in wind speed is not transmitted to power 
grid. 
 improved power quality 
 ability to low voltage/fault  ride through 
Complex structure  
and higher costs and 
power losses 
 requires power converter.  
 there are losses in power electronic converter 
 increased cost because of power electronics 
 converter efficiency plays an important factor in total system 
efficiency over the entire operating range. 
 comparatively complex structure and requires controller for 
the power converter 
Low costs  reliable low cost induction generator 
 no controller for generator 
Simpler pitch control 
 pitch angle control is performed at high wind speed to limit 
maximum output power. At low wind speed the pitch angle 
control is fixed. The speed control of the generator allows the 
pitch control time constant to become longer, reducing pitch 
control complexity and peak power requirement [4]. 
Reduced acoustic 
noise 
 low-speed operation is possible at low power conditions with 
reduced acoustic noise. 
Isolated operation 
 suitable for isolated remote area power supply system where 
grid is not available. 
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2.9 Summary 
Mathematical analysis and modelling of wind turbine is presented in this chapter. 
Stream tube model of air flow for maximum power extraction is discussed in detail. 
Based on Betz analysis, it is shown that the maximum theoretical efficiency of a wind 
turbine rotor is 59.3%. For a given wind speed, rotor efficiency is a function of the rate 
at which the rotor rotates. Besides Betz factor, there are other effects which can cause 
decrease in maximum power coefficient. These are rotation of the wake behind the 
rotor, finite number of blades associated tip losses and on-zero aerodynamic drag.  
The power curve of a wind turbine which relates mechanical power vs wind speed is 
very important technical information. In this chapter, Wind turbine power 
characteristics at different wind speeds are discussed which are characterised as cut-in 
speed, rated speed and cut-out speed. The wind turbine starts to capture power at the 
cut-in speed and the captured power is cubic function of wind speed. The wind turbine 
continues to capture power up to until the rated speed and the wind turbine generator is 
controlled to extract maximum power under varying wind speeds. If the wind speed is 
too high above the cut-out speed, the turbine must be shutdown to prevent any 
mechanical damage to the wind turbine.  
The aerodynamic power control of wind turbine is discussed. The angle of attack plays 
a vital role in determining the amount of power captured by a wind turbine rotor blades 
under fluctuating wind speeds. There are three different aerodynamic control methods 
(passive stall control, active stall control and pitch control) to control power capture for 
wind turbines are discussed. Pitch control reacts faster than the active/passive stall 
control and proved better controllability. Pitch control is widely used in modern wind 
turbine technologies. 
Finally, wind energy system configurations are discussed. Fixed speed wind turbines 
which are simple, low cost and reliable are designed to achieve maximum power at a 
particular speed. It has lower energy conversion efficiency compared to a variable speed 
wind turbine which can extract maximum power at different wind speeds. In a variable 
speed wind turbine power converter and controllers are required to control and capture 
maximum power under different wind speeds. A summary of main features of both 
wind turbines are provided. 
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Chapter 3 
 
Analysis, Modelling and Parameter Estimation of 
Permanent Magnet Synchronous Generator 
 
 
           
3.1 Overview 
 
The permanent magnet synchronous generator is used in this thesis as wind turbine 
generator because of their high efficiency, low losses, smaller size, less maintenance, 
high reliability and the ability to operate without gearbox [16], [47]. The main aspect 
which distinguishes the Permanent Magnet Synchronous machine from other types of 
electrical machines is that the rotor magnetic flux is generated by permanent magnets, 
instead of being supplied by other external power sources as in DC machines and 
synchronous machines. Therefore, there are no rotor copper losses associated with this 
type of generator. Another main feature of this type of generator is that it can be 
designed for higher number of poles which enable it to operate without gearbox.  The 
use of gearbox with the wind turbine adds additional costs and regular maintenance. 
Therefore, reliability of a variable speed wind turbine can be improved significantly 
with reduced costs [35], [23].  In this chapter, the detail analysis and dq-axis modelling 
of a permanent synchronous generator (PMSG) used in this research are presented.  
 
The parameters of IPM synchronous generators have an important influence on the 
steady state and dynamic performance analysis of the variable speed wind turbine. The 
knowledge of machine model and accurate parameters is mandatory to analyse the 
performance and to design efficient and fast controllers for the variable speed wind 
turbine [48]. Therefore, accurate measurement of these parameters is essential for 
designing control system and predicting performance aspects such as torque response, 
field-weakening capabilities to maximize energy capture, efficiency and power factor 
[48]-[51].  
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In an IPM synchronous generator, the parameters used in the controllers are magnet flux 
linkage (λM), d-axis inductance (Ld), and q-axis inductance (Lq). The magnet flux can be 
easily estimated using the open circuit voltage of the generator with reasonable 
accuracy.  However, the measurement of d-axis inductance, and q-axis inductance 
require more careful approach as it involves saturation and cross-coupling effects 
[50],[51]. There are different methods to determine d- and q-axis inductances such as 
analytical methods, finite element methods, and experimental measurements. The 
analytical method to calculate d- and q-axes inductances has been presented in the 
literatures [50],[52]. This method suffers when the configuration of the machine is 
complex and the presence of saturation cannot be neglected. The accuracy of this 
method depends greatly on the correct determination of form factor and saturation 
factor, which relies on the machine geometry [50]-[52]. Various techniques for 
parameter determination using finite element methods are presented in [50], [53]-[59].  
In finite-element method, estimated inductance values are fairly accurate and both the 
saturation and cross-coupling can be studied appropriately. The finite-element 
estimation is also valuable for performance prediction during the design stage. 
However, finite element method requires the knowledge of machine geometry and 
dimensions [51]. These may not be readily available. Moreover, if magnetic saturation 
is significant, both the self- and mutual inductance, and d-axis and q-axis inductances 
are current dependent. The inductances should then be calculated by either the energy 
perturbation method or the current perturbation method, and the influence of the 
permanent magnet should be considered [58], [59]. The method described in [59] 
requires multiple finite-element field solutions, for a range of current perturbations in 
each winding, and, therefore, demands significant computational effort [50]. There are 
different methods for determining inductances for salient pole machine [60], [61]. 
However, all of them are not applicable for IPM synchronous generator particularly 
those methods require zero rotor field. In an IPM synchronous generator, permanent-
magnet poles are buried inside the rotors and the removal of rotor field is not possible 
[51]. Voltage phasor measurement method for determining d- and q-axis inductances 
has been deployed in [62]. However, this method requires a special laboratory 
arrangement consisting of the test machine, an additional synchronous machine, a prime 
mover, and brake.  There are some simpler methods such as dc bridge test, the 
instantaneous flux linkage test, standstill torque test, and ac standstill test. These 
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methods do not require removing the rotor of the machine. The ac standstill test gives 
fairly accurate values of inductances provided saturation on either axis is marginal. The 
ac standstill method is used in this work and the advantages of this method over others 
is that it is easy to perform in laboratory platform and do not require any extra 
arrangement.  
 
This chapter presents simple methods of determining parameters such as magnet flux 
(λM), d-axis inductance (Ld) and q-axis inductance (Lq) of interior permanent magnet 
(IPM) synchronous generator, which are used to control the wind turbine generator. 
These methods are simple and do not require any complex theory, signal injection or 
special equipment. The effectiveness of parameter measurement methods are 
demonstrated by experimental results.  
 
3.2 Generators for Wind Turbine Applications 
There are different types of generators used in wind turbine applications. A 
classification of most common electric generators in wind energy conversion systems is 
shown in Fig. 3.1 [35]. The generators used for wind turbine applications can be divided 
into two main groups: 
 Synchronous generators (SGs) and 
 Asynchronous or Induction generators (IGs).  
 
Synchronous generators can be wound rotor synchronous generator (WRSG) or 
permanent magnet synchronous generator (PMSG).  The PMSG can be designed to 
have higher number of poles and suitable for direct drive gearless wind turbine 
applications. Presently, many wind-turbine manufacturers use direct-drive PMSG. A 
direct drive wind turbine system eliminates gear box, reduces size and costs. However, a 
direct-drive wind turbine operates at very low speeds 50 to 150 rpm [35]. 
 
Asynchronous or induction generators can be squirrel cage type or wound rotor 
inductance generator (WRIG) types. WRIG also known as doubly fed induction 
generator (DFIG) as it can supply power from stator or rotor in to grid. 
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Figure 3.1 Classification of widely used wind turbine Generators 
 
 
3.3  Permanent Magnet Synchronous Generator for Variable Speed 
Wind Turbine 
PMSGs have become popular for wind turbine applications because of their advantages 
such as self-excitation, smaller size, low losses, high power factor and efficiency. They 
offer high power/volume by exploiting their rotor saliency. Many research papers have 
suggested the application of permanent magnet generator (PMSG) in wind turbines 
[35], [63]-[68]. Unlike induction generator, the PMSGs do not require magnetizing 
current as the rotor flux is produced by the permanent magnet and  the stator current 
need only to be torque producing. As there is no copper loss in the rotor due to the use 
of permanent magnet, the PMSG operates at a higher power factor and it is more 
efficient than the induction generator [23], [35]. The key reason for the development of 
the permanent magnet synchronous machines was to remove the foregoing 
disadvantages of the wound rotor synchronous machine by replacing its field coil, dc 
power supply, and slip rings with a permanent magnet [23], [35]. PMSG based wind 
turbine offers following advantages [23],[35],[63]-[68]; 
 higher efficiency, lower losses and maintenance costs 
 suitable for direct drive gearless operation 
 higher reliability 
 simple structure and no slip rings are required 
 no reactive power requirement like an induction generator 
 no need for excitation control and no losses in the rotor 
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 no danger of loss of excitation. 
 
However, High temperatures can demagnetize permanent magnets. Cooling is required 
for the rotor as the magnetic material is sensitive to temperature [68]. 
  
3.3.1 Rotor Configurations of PMSGs 
There are various rotor configurations of PMSG with the permanent magnet can be 
mounted on the surface of the rotor or buried inside the rotor structure. They are known 
as surface PMSG or interior permanent magnet (IPM) synchronous generator, 
respectively as shown in Fig. 3.2. The surface PMSGs as shown in Fig. 3.2(a), usually 
have larger air gap and smaller stator inductances.   
 
According to the flux direction permanent magnet, generators can be classified as [63], 
[68]; 
 Axial flux machine (outer or inner rotor) 
 Radial flux machine (outer or inner rotor) 
 Transversal flux machine 
 
The axial flux slotted machines have a smaller volume for a given power rating, making 
the power density very high. However, the mechanical dynamic balance must be taken 
into account as the power rating increases and the outer radius becomes larger. The 
outer rotor construction is better than inner rotor radial flux construction as the former 
has advantages such as ease of installation and cooling. Therefore, the outer rotor 
construction is more suitable to be applied in wind energy systems. 
 
Unlike surface PMSG, the air gap of an interior type PMSG (salient pole) is non-
uniform. Fig. 3.3 shows the magnetic flux paths of a four-pole salient pole permanent 
magnet synchronous machine. The magnetic flux passing through the d-axis magnetic 
circuit has to cross two magnet thicknesses and two air gaps. While the magnet flux 
passing through q-axis magnetic circuit does not have to cross magnet and only crosses 
two air gaps. Therefore, the q-axis inductance is noticeably higher than d-axis 
inductance because reluctance along the d-axis is higher than that along the q-axis. This  
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pole saliency distinguishes interior permanent synchronous machine (salient pole) from 
surface permanent synchronous machine and offers appealing performance in variable 
speed operations. 
  
 
 
                    (a) Surface mounted PMSG                                                   (b) Inset PMSG 
 
 
 
                                                           
 (c) Interior Magnets/Straight Buried                   (d) Split Interior Magnets/V-Shaped Buried 
 
 
 
 
(e) Interior Magnets/Tangential 
 
Figure 3.2 Orientation of permanent magnet materials in PMGs 
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(a) d-axis flux magnetic flux path                                    (b) q-axis magnetic flux path 
Figure 3.3 Magnetic flux paths of a salient pole PM synchronous machine. 
 
3.4  Mathematical Representation of Permanent Magnet Synchronous 
Generator in Machine Variables 
Fig. 3.4(a) and 3.4(b) shows a there phase two poles PMSG and its equivalent circuit 
respectively. It has 3 phase Y-connected stator windings and a permanent magnet in the 
rotor. The stator windings are identical windings displaced 120
0
, each with a turns 
number of Ns and resistance Rs. For our analysis we assume that the stator windings are 
sinusoidal distributed. Damper windings are neglected because the permanent magnet is 
a poor electrical conductor and the eddy current that flow in the nonmagnetic materials 
securing the magnets are small. Hence large armature current can be tolerated without 
significant demagnetization [70].  
 
The stator of a PM synchronous generator is similar to the wound rotor synchronous 
generator and the back-emf produced by the permanent magnets is the same as that 
produced by an excited coil. In developing mathematical model for a PMSG we will 
assume the following [35], [70]; 
 
 The stator windings are sinusoidally distributed along the air gap 
 Magnetic saturation is negligible 
 The back-emf is sinusoidal. 
 The variation of phase inductance is sinusoidal 
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Figure 3.4 (a) Three phase, two pole PMSG   (b) Equivalent circuit of PMSG 
 
3.4.1 Inductance and Flux linkage in a PMSG 
 
The variations in inductances in a PMSG are caused by the variations in the permeance 
of the magnetic flux path due to non-uniform air gap. This is pronounced in the case of 
a salient pole PMSG in which the permeances in the two axes (d-axis and q-axis) are 
significantly different. Even in a non-salient (round rotor) PMSG there are negligible 
differences in the permeances in the two axes due to the large number of slots 
associated with the windings. The flux produced by a stator winding follows a path 
through the stator iron, across the air gap, through the rotor iron, and back across the 
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air-gap. For a sinusoidal distributed winding the stator self-inductances of a PMSG can 
be expressed as [70]: 
 rBAlaa LLLL 2cos        (3-1) 
 )
3
2
(2cos

  rBAlbb LLLL       (3-2) 
 )
3
2
(2cos

  rBAlcc LLLL       (3-3) 
Where LA is the component of the self-inductance due to space-fundamental air-gap 
flux, Ll is the armature leakage flux not crossing the air-gap.  
 
The stator to stator mutual inductance can be expressed as; 
 )
3
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2
1 
  rBAab LLL            (3-4) 
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For permanent magnet synchronous generator there is no rotor windings. So there will 
be no rotor inductance or stator to rotor mutual inductance. 
 
The flux linkages can be expressed as: 
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Where,  
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and M is the amplitude of the flux linkage established by the permanent magnet as 
viewed from the stator phase winding.  The magnitude of 
dt
d
N ms

 would be the open 
circuit voltage induced in each stator phase winding. Damper windings are neglected 
because the permanent magnet is a poor electrical conductor and the eddy currents that 
flow in the nonmagnetic materials securing the magnets are small. Hence large armature 
currents can be tolerated without significant demagnetization [70], [71]. In equation (3-
12) it is assumed that the voltage induced in the stator windings by the permanent 
magnet are constant-amplitude sinusoidal voltages.  
 
For a interior permanent magnet synchronous generator (IPMSG) the self-inductance 
and mutual inductance vary sinusoidally with the rotor position ( r ) and (Lq ˃ Ld). For a 
surface permanent magnet generator stator inductances are independent of rotor position 
and (Lq = Ld), because of the uniform air-gap. However, the slots for the stator windings 
introduce a slight saliency even for the surface PM generator. 
 
3.4.2 Voltage and Torque Equations in Machine variables 
 
The voltage equation of PMSG in machine variables can be expressed using Fig. 3.4(b) 
as; 
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d
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The electromagnetic torque in machine variables can be expressed as [70]; 
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where )(
2
3
BAmd LLL  and )(
2
3
BAmq LLL   are the magnetizing inductances. 
The above expression for torque is positive for generator action with positive direction 
of current assumed out of the stator terminals. The torque and rotor speed are related by 
[70]: 
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where J is the inertia expressed in kilogram-meter
2 
(kg.m
2
) or joules-seconds
2 
(J.s
2
). The 
input torque TI is positive for a torque input to the shaft of the synchronous machine. 
 
3.4.3 d-q Modelling of Permanent Magnet Synchronous Generator  
 
The well-known machine model in dq-reference frame which is synchronously rotating 
with the rotor, where d-axis is aligned with the magnet axis and q-axis is orthogonal to 
d-axis, is usually used for analysing the PM synchronous machine [35] . R.H Park 
incorporates a change of variables in the analysis of synchronous machines [70]. He 
transformed the stator variables to the rotor reference frame that eliminates the time-
varying inductances in the voltage equations [70]. Fig. 3.5 shows the d-q axes 
transformation of a PMSG.  
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Figure 3.5 Three phase to d-q transformation. 
  
The park transformation is used to derive the d-q model [70]; 
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For the inverse transformation we have 
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The angular velocity, ωr, and the angular displacement, r , of the arbitrary reference 
frame are related by 
   dtrr    or         )0()(0 r
t
rr dtt               (3-20) 
 
  
c-axis 
b-axis 
d-axis 
q-axis 
θr 
ω 
a-axis 
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In the above equations, 
 
 f can be either voltage, current, flux linkage, or electric charge 
 the frame of reference may rotate at any constant or varying angular velocity or 
it may remain stationary. 
 Note that fas, fbs, fcs are not phasors. They are instantaneous quantities that may 
be any function of time. 
The d-q model of PMSG in synchronous reference frame is shown in Fig. 3.6. The d- 
and q- axes voltages of PMSG can be given by 
 
dqrsdd pRiv                    (3-21) 
 
qdrsqq pRiv                    (3-22) 
where d and q are the d- and q- axes stator flux linkages. If M is the rotor magnetic 
flux produced by the permanent magnets in the rotor, then stator flux linkage can be 
written as 
 Mddd iL                                (3-23) 
 
qqq iL                    (3-24) 
with 
 mdlsd LLL                     (3-25) 
 
mqlsq LLL                     (3-26) 
 qds j 

                   (3-27) 
 qds jVVV 

                   (3-28) 
 qds jiii 

                   (3-29) 
 
The torque equation of the permanent magnet synchronous generator is given by [70]: 
 
 𝑇𝑔 = −
3
2
𝑃(𝜆𝑑𝑖𝑞 − 𝜆𝑞𝑖𝑑) = −
3
2
𝑃[𝜆𝑀𝑖𝑞 + (𝐿𝑑 − 𝐿𝑞)𝑖𝑑𝑖𝑞]                        (3-30) 
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                    (a) d-axis equivalent circuit                               (b) q-axis equivalent circuit 
Figure 3.6 d-q model of PMSG in synchronous reference frame 
 
In equations (3-21) to (3-30), vd, vq, id, iq, Ld and Lq are the d and q axes stator voltages, 
currents and inductances respectively. Lls is the leakage inductance,  Lmd and Lmq are the 
d- and q- axis magnetizing inductance, R is the stator resistance, r (=ω) is the 
electrical rotor speed in rad/sec, P is the number of pole pairs and  p is the operator d/dt. 
The torque equation (3-30) consists of two terms namely excitation torque and 
reluctance torque. For the surface PMSG, the reluctance torque is zero, since Ld = Lq, 
while for the IPM synchronous machine, higher torque can be induced for the same id 
and iq if (Ld - Lq) is larger [35].  
 
3.4.4 Phasor Diagram and Power Angle Characteristics of Permanent Magnet 
Synchronous Generator 
 
3.4.4.1 Power Angle Characteristics of a Non-salient Pole PMSG 
 
The per phase equivalent circuit and phasor diagram for the relationship between 
voltages and current of surface permanent magnet synchronous generator is shown in 
Fig. 3.7 and Fig. 3.8 (a),(b) respectively. The terminal voltage 00tV  is considered as 
the reference phasor in drawing the phasor diagram. Using the equivalent per phase 
circuit diagram of a PMSG shown in Fig. 3.7, we get   
 
 fsaaatf EjXIRIVE                 (3-31) 
 
It is important to note that the angle  between tV and fE is positive for the generating 
action and negative for motoring action. The angle  is known as the power angle and 
it plays an important role in power transfer and in the stability of PMSG operation. The  
- + 
vd 
Rs 
Ld ωr λq id 
+ 
- 
vq 
+ 
- 
Rs Lq 
ωr λd 
ωr λM 
+ 
+ 
- 
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Figure 3.7 per phase equivalent circuit of PMSG.  
 
PMSG is considered to deliver a lagging current to the load or infinite bus represented 
by tV . 
The per phase complex power S at the terminal is 
 GG jQPS                     (3-32) 
The real power PG and reactive power QG per phase are 
 
 cos3 atG IVP                               (3-33)  
and 
sin3 atG IVQ                    (3-34) 
 
If aR is neglected (since as RX  ), Then ssas XXRZ 
22  and the phasor diagram 
becomes as shown in Fig. 3.8(b). 
 
From Fig. 3.8 (b) 
  cossin asf IXE    sincos
s
f
a
X
E
I                 (3-35) 
From equation (3-33), 
  sinsin3 max_G
s
ft
G P
X
EV
P   watts               (3-36) 
 
where, 
s
ft
G
X
EV
P max_                   (3-37) 
Vt 
+
-
Rs jXsIa
∠0 Ef
N S
λM
῀
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From Fig. 3.8 (b),  sincos astf IXVE  , and  from equation (3-34), we get 
 
s
t
s
ft
s
tf
tG
X
V
X
EV
X
VE
VQ
2
cos
3cos
3 






 
 

 VAR            (3-38) 
 
 
 
 
(a)  Phasor diagram of surface PMSG (non-salient) 
 
 
 
 
(b) Phasor diagram of surface PMSG (neglecting Ra) 
 
 
 
Figure 3.8 Phasor diagram of surface PMSG 
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Figure 3.9 Power angle characteristics of a non-salient pole permanent magnet synchronous machine. 
 
This power PG is positive when  the angle δ is negative, i.e., when rotor poles (field) lag 
the stator poles (field) by δ. Thus when the machine motors, δ < 0, and when it 
generates δ > 0. This is depicted in Fig.3.9. 
 
If  ωs is the synchronous speed, which is the same as the rotor speed, the developed 
torque becomes 
 

sinsin
3
max__ G
s
ft
ss
G
developG T
X
EVP
T   Nm             (3-39) 
For motoring δ is negative and torque becomes positive. In case of generating, δ is 
positive and the power and torque become negative. The angle δ is called torque angle. 
For a fixed voltage and frequency, the torque depends on δ, and is proportional to the 
excitation voltage Ef.  
 
If 
090 , the torque in equation (3-39) becomes maximum and the maximum 
developed torque, which is called pull-out torque, can be written as 
sm
f
pulloutG
X
VE
T

3
_                               (3-40) 
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3.4.4.2 Power Angle Characteristics of a Salient Pole PMSG 
In the equivalent circuit for a salient pole synchronous generator, these d-axis and q-axis 
synchronous reactance must be considered as shown in Fig. 3.10(b).The component 
currents ),( qd II  produces component voltage drops )( dd XjI  and )( qq XjI . The 
phasor relations are 
 )()( qqddaatf jXIjXIRIVE                    (3-41) 
 
qda III                     (3-42) 
Neglecting stator resistance, the phasor diagram of a salient pole PMSG is shown in 
Fig. 3.11. The complex power per phase is given by 
 
 𝑆 = 𝑉𝑡𝐼𝑎
∗ = |𝑉𝑡|∠ − 𝛿 (|𝐼𝑞| − 𝑗|𝐼𝑑|)
*
= |𝑉𝑡|∠ − 𝛿 (|𝐼𝑞| + 𝑗|𝐼𝑑|)                    (3-43) 
           
 
 
(a) MMF and flux 
                     
(b) Phasor diagram showing voltage and currents 
 
Fig. 3.10 Phasor diagrams of a salient pole permanent magnet synchronous generator. 
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Figure 3.11 Phasor diagrams of a salient pole PMSG neglecting armature resistance 
 
 
From the phasor diagram of Fig. 3.11, we get 
 
d
tf
d
X
VE
I
cos
                  (3-44) 
 
q
t
q
X
V
I
sin
                  (3-45) 
 
Substituting equation (3-44) and equation (3-45) in equation (3-43), we get 
GG
d
t
d
ft
q
t
jQP
X
V
X
EV
X
V
S  )90(cos)90()(sin 0
2
0
2
       (3-46) 
 𝑆 = 𝑉𝑡𝐼𝑎
∗ = |𝑉𝑡|∠ − 𝛿 (|𝐼𝑞| + 𝑗|𝐼𝑑|) 
 𝑆 = |𝑉𝑡|∠ − 𝛿 (
|𝑉𝑡 | sin 𝛿
𝑋𝑞
+ 𝑗
|𝐸𝑓 |−|𝑉𝑡 | cos 𝛿
𝑋𝑑
) 
 𝑆 = |𝑉𝑡|∠ − 𝛿 (
|𝑉𝑡 | sin 𝛿
𝑋𝑞
+ 𝑗
|𝐸𝑓 |−|𝑉𝑡 | cos 𝛿
𝑋𝑑
) 
 
From equation (3-46), the real power is given by 
  2sin
2
)(
sin
2
qd
qdt
d
ft
G
XX
XXV
X
EV
P

                (3-47) 
     power reluctancepower excitation21  GG PP  
 
The maximum resultant power is higher than that of a non-salient pole generator for the 
same excitation voltage the reactive power is given by 
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Figure 3.12 Power angle characteristics of a salient pole PMSG )( dq LL   . 
 
dq
t
d
ft
G
XX
V
X
EV
Q


22
2 cossincos                 (3-48) 
Figure 3.12 shows the power angle characteristics of IPM synchronous generator which 
indicates the excitation power, reluctance power and the resultant power. 
 
 
3.5  Parameter Measurement of IPM Synchronous Generator [48] 
The most common parameters of IPM synchronous generator used in the 
implementation of control algorithms for variable speed wind turbine are, 
 
o Ra– Armature resistance, 
o Ld   - the direct axis  inductance, 
o Lq   - the quadrature axis inductance, and 
o  M -  the permanent magnet Flux linkage 
These parameters are used to calculate control rules in the vector or direct control 
scheme of IPM synchronous generator based variable speed wind turbine. These 
parameters can also be used for sensor less speed estimation of the IPM synchronous 
generator. For proper implementation of control algorithm the accurate values of these 
parameter should be known. 
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3.5.1  Armature Resistance (Ra) Measurement 
The stator resistance of the generator can be easily measured from the standard DC 
measurement. Winding resistance value is highly temperature dependent. When 
winding resistance 0R  is measured, temperature 0T  
(
0
C) of the winding must be 
recorded and the resistance tR  at another temperature T should be calculated using the 
following formula,  
 Rt = R0 (K+T) / (K+T0)                                                                                         (3-49) 
where, K is the constant determined by the material (K=234.5 for copper). Resistance 
value at 25°C is often used for published data. 
 
3.5.2 Determination of Magnet Flux Linkage (M ) 
The magnet flux linkage of IPM synchronous generator is determined by measuring the 
open circuit voltage of the generator at different speeds as shown in Table 3.1. The IPM 
synchronous generator is driven by an Induction motor. Fig.3.13 shows the IPM 
synchronous generator open circuit line to line voltage at 1200 rpm. The open circuit 
voltage of the IPM synchronous generator is almost sinusoidal. This waveform can be 
approximated as,  
 𝑣𝑎𝑏 = 481.5 sin (𝜔𝑡)                                           (3-50) 
where, 𝑣𝑎𝑏 = instantaneous line to line voltage of IPM synchronous generator 
 𝜔 =
2𝜋
60
× 𝑁𝑟 ×
𝑃
2
 (rad/sec) 
 𝑃 = number of poles 
 𝑁𝑟 = generator speed (rpm) 
If the generator open circuit voltage is assumed to be sinusoidal, it is related to 
generator speed and phase voltage as, 
𝑉𝑝 = 𝜔 × 𝜆𝑀                     (3-51) 
and the calculated magnet flux  is 0.5217 Wb. Fig. 3.14 shows the IPM generator open 
circuit line to line voltage vs generator speed. It is observed that the generator open 
circuit voltage is almost linear up to the rated voltage of the generator. 
68 
 
 
Figure 3.13  Back emf of the IPM synchronous generator at 734 rpm. 
 
Table 3.1: IPM Synchronous Generator Open Circuit Voltage at Different speeds 
Generator 
Speed (Nr) 
(rpm) 
Generator 
Speed () 
(rad/sec) 
Generator 
Frequency 
(Hz) 
Open circuit 
Line Voltage 
(Volts) 
Open circuit 
Phase Voltage 
(Volts) 
Magnet flux 
linkage (λM) 
200 62.80 10 56.42 32.5751 0.5187 
400 125.60 20 112.68 65.0577 0.5180 
600 188.40 30 169.73 97.9965 0.5202 
800 251.20 40 226.22 130.6120 0.5200 
1000 314.00 50 283.60 163.7413 0.5215 
1200 376.80 60 340.48 196.5820 0.5217 
1400 439.60 70 396.31 228.8164 0.5205 
1600 502.40 80 450.60 260.1617 0.5178 
1700 533.80 85 480.50 277.4249 0.5197 
1200 RPM at 60 Hz 
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Figure 3.14 IPM synchronous generator open circuit line to line voltage vs generator speed. 
3.5.3 Measurement of d-axis Inductance (Ld ) and q-axis Inductance (Lq ) 
The IPM synchronous generator can be characterized by its d-axis inductance Ld and q-
axis inductance Lq. As is seen from the torque equation (3-30), the reluctance torque per 
ampere is proportional to (Lq - Ld) while the saliency ration (Lq/Ld) determines many of 
the machine operation characteristics such as field weakening range and power factor. 
These synchronous inductances are independent of the permanent magnets and can be 
measured before or after the magnets are put into the rotor. AC standstill method is used 
to measure the d- and q-axis inductances in this paper. The d- and q-axis inductances 
can be calculated from self and mutual inductances of the stator winding. For 
sinusoidally distributed windings, the phase self- and mutual-inductances, L and M, can 
be expressed as functions of the rotor angle,  r. 
 L = L0 ± cos2 r + Lls                 (3-52)                                
 
M = M0 ± M2 cos (2 r ± 2𝜋/3) (3-53) 
Where, 
L= self-inductance (H) 
Lls= leakage inductance 
M= mutual inductance (H) and  
θr = rotor position 
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Each inductance has a constant term (L0 and M0) and a second harmonic term (L2 and 
M2). It has been shown in [71] that for sinusoidally distributed windings 
 M0 = – L0/2        (3-54) 
         L2 = M2 (3-55) 
Assuming negligible space harmonics due to distributed windings, the d- and q-axis 
inductances are therefore obtained from the following equations, 
 𝐿𝑑 =
3
2
 (𝐿0 + 𝐿2) + 𝐿𝑙 (3-56)                                     
 𝐿𝑞 =
3
2
 (𝐿0 − 𝐿2) + 𝐿𝑙 (3-57) 
However, for a machine with significant space harmonics, the relationship in equations 
(3-57) and (3-58) is no longer valid. The more general definition is as follows [72]. 
 𝐿𝑑 = (𝐿0 − 𝑀0) − (
𝐿2
2
+ 𝑀2) + 𝐿𝑙𝑠 (3-58)            
 𝐿𝑑𝑞 = (𝐿0 − 𝑀0) + (
𝐿2
2
+ 𝑀2) + 𝐿𝑙𝑠 (3-59) 
3.5.4 Measurement of d-axis Inductance (Ld ) and q-axis Inductance (Lq ) for 
Machine with Accessible Neutral Point [48] 
The connection diagram of the test for a Y-connected IPM generator with access to 
neutral point of the stator windings is shown in Fig. 3.15. The  phase “a” is excited by a 
single phase supply and the line current and induced voltage in phase “b” or phase “c” 
are measured for  different rotor position. The self-inductance and mutual inductances 
of the stator winding at each rotor position can be estimated by the following equations: 
𝐿𝑎(𝜃) =
√(
𝑉𝑎
𝐼𝑎
)
2
−(𝑅𝑎)2
2𝜋𝑓
                  (3-60) 
 𝑀𝑎𝑏(𝜃) =
𝑉𝑏
2𝜋𝑓
                    (3-61) 
where, 
Va - supplied phase voltage (V), f - frequency (Hz), Vb-measured phase voltage in 
phase “b” (V), Ia - measured phase current (A), and Ra- stator resistance (Ω). The 
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Figure 3.15 Circuit connection diagram for d- and q-axis inductance measurement (with neutral 
connection available). 
 
calculated La and Mac can be plotted against the rotor positions. From these plots, the 
measured self and mutual inductances can be expressed as a function of rotor position in 
the form of equations (3-57) and (3-58) by using curve fitting technique. The constant 
terms (L0 and M0) and a second harmonic terms (L2 and M2)   are then determined from 
these equations. Finally d- and q-axis inductances can be determined from equation (3-
56) and equation (3-57). This procedure can be repeated for a series of rotor positions 
between 0 to 360
0
.  
 
3.5.5  Measurement of d-axis Inductance (Ld) and q-axis Inductance (Lq) for 
Machine with Inaccessible Neutral Point 
The IPM synchronous generator under test does not have access to neutral point of 
stator windings. Therefore, a connection diagram for the test is developed as shown in 
Fig. 3.16.  The generator is excited by ac voltage as shown in the connection diagram. 
The line current and induced phase voltages are measured at different rotor positions. 
The self-inductance of the winding at each rotor position is estimated by 
 𝐿𝑎(𝜃) =
2
3
√(
𝑉𝑇
𝐼𝑎
)
2
−(
3
2
𝑅𝑎)
2
2𝜋𝑓
                                                             (3-62) 
The calculated La is then plotted against rotor positions. The voltage and current for 
various rotor positions were recorded. The test is performed for a value of current 
starting from 1 A to 7 A. Fig. 3.17 shows voltage and current waveforms supplied to the 
generator stator armature and they are almost sinusoidal. Fig. 3.18 shows the plot of Laa 
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for the current values of 1A to 7A.  Using Fig. 3.17(a), the self-inductance can be 
approximated as, 
 𝐿𝑎𝑎(𝜃) =0.036105 + 0.01861 sin (2𝜃)               (3-63) 
From the maximum and minimum values of the self-inductance (Laa) in Fig. 9(a), the 
measured d-axis and q- axis inductances are,  
 𝐿𝑑 = 0.01749 H    (3-64) 
 𝐿𝑞 =0.05472 H   (3-65) 
Table 3.2 shows the d-axis and q-axis inductance values measured at different generator 
current values. Fig.3.19 shows the variation of inductances with generator currents. It is 
seen that the d-axis inductance is almost constant and the q-axis inductance varies with 
stator current due to magnetic saturation. The effective air-gap in the permanent magnet 
machine is small and therefore the effects of magnetic saturation due to the armature 
reaction are dominant. Especially, the q-axis inductance Lq varies depending on the q-
axis current and as a result, the control performances of the generator will be affected by 
the magnetic saturation. The parameters of the IPM synchronous generator under test 
are shown in Table 3.3. 
 
 
Figure 3.16 Circuit connection diagram for d- and q-axis inductance measurement (without access to 
neutral point). 
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(a)                                                                           (b) 
 
                                            (c)                                                                              (d) 
 
                                             (e)                                                                           (f) 
 
(g) 
Figure 3.17 Generator voltage and current waveforms at different generator currents. 
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(a)                                                                          (b) 
 
(c)                                                                             (d) 
    
                                      (e)                                                                              (f) 
 
(g) 
Figure 3.18   Measured self-inductance of IPM synchronous generator. 
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Figure 3.19 Measured  d- and q-axis inductances vs. generator current. 
3.5.6 Experimental Setup 
The parameters of the IPM synchronous generator are measured using the methods 
explained in Section 3.  Table 3.3 shows the parameters of the machine. The tests were 
performed using a set up as shown in Fig. 3.20. To measure the magnet flux linkage, the 
IPM synchronous generator was driven by an induction motor controlled by a variable 
speed drive as shown in Fig. 3.20. The voltage and current were recorded for various 
rotor positions to measure the d- and q-axis inductances. An electronic brake is used to 
block the rotor and to minimize vibration. A resolver interfaced with NI Lab VIEW is 
used to measure the rotor positions.  
 
 
Figure 3.20 Experimental test set up for the parameter measurement. 
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Table 3.2: d-axis and q-axis inductances at different generator currents 
Generator current (A) Ld (mH) Lq (mH) 
1 17.49 54.72 
2 17.22 53.38 
3 17.87 51.40 
4 18.22 49.41 
5 18.67 47.52 
6 18.68 45.37 
7 19.16 43.97 
 
Table 3.3: Parameters of the IPM Synchronous Generator 
 Parameters  Values 
Machine Model Kollmorgen BH 822C-43 
Rated power 4.7 kW 
Rated speed 1280 rpm 
Maximum speed 1600 rpm 
Maximum rated voltage 400 V AC rms (480 V max) 
Magnet flux linkage   M 0.52 Wb 
d-axis inductance        Ld 17.49 mH 
q-axis inductance        Lq 54.72 mH 
Number of poles 6 
Armature resistance 1.35 (dc)/ 1.56 (ac) Ω 
Rotor Inertia kg-m² (lb-in.-s²): 0.0049 (0.0036) 
Static Friction (less shaft seal) N-m 
(lb-in.): 
0.637 (5.64) 
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3.6 Summary 
The detail analysis and dq-axis modelling of a permanent synchronous generator are 
presented in this chapter. The accurate parameter of PMSG is necessary to design 
controllers for wind energy conversion system. Simple methods of determining the 
parameters of IPM synchronous generator such as magnet flux, d-axis and q-axis 
inductances have been developed. These parameters can be used in the controller of 
wind turbine generator.  Experimental tests were performed in the laboratory condition 
using the developed methods and test results are discussed. The generator model and 
measured parameters of IPM synchronous generator are used in the work presented in 
Chapter 4 to 6. 
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Chapter 4 
 
Control of Permanent Magnet Synchronous Generator 
Based Direct Drive Variable Speed Wind turbine 
 
 
 
 
 
4.1  Overview 
In this chapter, control strategies for PMSG based direct drive variable speed wind 
turbine are discussed. A review of control strategies for the direct drive wind turbine 
with PMSG is presented first. Then, the modelling, analysis and control of a PMSG 
based direct drive variable speed wind turbine using switch-mode rectifier is presented. 
Finally, an enhanced control scheme for interior permanent magnet (IPM) synchronous 
generator is developed by incorporating maximum torque per ampere trajectory 
(MTPA) and maximum power extraction (MPE) algorithm. The main advantage of 
incorporating MTPA trajectory in the control scheme is that it can generate the required 
torque with a minimum stator current. Therefore, MTPA control scheme minimizes the 
stator loss of the IPM synchronous generator and ensures maximum utilization of stator 
current. The detail analysis of the control scheme and pulse width modulation (PWM)) 
rectifier is presented. The proposed control scheme is simulated in 
Matlab/SimPowerSystems and experimentally implemented using DSpace DS1104 
digital signal processor (DSP) system. Simulation and experimental results are 
presented and discussed. Results confirm the effectiveness of the control scheme to 
control the direct drive variable speed wind turbine with maximum power extraction 
under varying wind speeds. 
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4.2  Review of Control Strategies for Direct Drive Variable Speed 
Wind Turbine with PMSG 
The interest in variable speed wind turbines is increasing due to their advantages over 
the fixed speed wind turbines. The problems associated with induction generator based 
fixed speed wind turbines are reactive power consumption, mechanical stress and poor 
power quality [73], [74]. In a fixed speed wind turbine, fluctuations in wind speed are 
transmitted as fluctuations in the mechanical torque, and that results in fluctuations in the 
electrical power [4]. The power fluctuations can also lead to large voltage fluctuations in 
a week grid system [4]. Unlike a fixed speed wind turbine, variable speed wind turbines 
can operate at maximum power point with reduced fluctuations by regulating the 
generator speed, which increases energy capture, efficiency and improve power quality 
[4]. Currently, doubly fed induction generator based variable speed wind turbine 
technology is dominating the world market [4]-[10]. The advantage of this technology is 
that it requires power converter with reduced capacity (30% of full capacity) as the 
converter connected to the rotor circuit instead of stator circuit [4]. However, the main 
drawback of this type of wind turbine is the requirement of a gearbox which requires 
regular maintenance and suffers from faults and malfunctions [4]. Moreover, it 
increases the overall size of the wind turbine. 
  
Recently, the popularity of direct drive, gearless, permanent magnet synchronous 
generator based variable speed wind turbines is increasing due to their advantages over 
induction generator based wind turbine with gearbox. The main features of PMSG 
based wind turbines are [8]-[17]: 
o gearless operation and enhanced reliability 
o simple structure, smaller size and reduced cost 
o low mechanical and electrical losses 
o higher power factor and efficiency 
o no requirement for reactive power support 
 
Most of the previous works related to PMSG based wind turbines are based on surface 
type permanent magnet synchronous generator [7-17], [20-21]. Several manufacturers 
including SIEMENS, GE, Suzlon are producing multi MW scale wind turbines, which 
are based on surface type PMSG for which the d-axis  and q-axis inductances are equal, 
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Ld=Lq. Much attention has not been paid to interior permanent magnet (IPM) 
synchronous generator based variable speed wind turbines. The IPM synchronous 
generator (for which Ld ≠ Lq) can produce more power than that of a surface type PMSG 
by utilizing their rotor saliency [18]. The IPM generator can be operated over a wide 
speed range by using flux weakening and allows constant power like operation at speeds 
higher than the rated speed [18], [19]. This work concentrated on the control of IPM 
synchronous generator based variable speed wind turbine. 
 
PMSG based variable speed wind turbine is controlled using switch-mode boost 
rectifier [13], [23], [77], three switches PWM rectifier [15], vector controlled PWM 
rectifier [18], [78]. Each method has its own advantages and drawbacks. 
 
The switch-mode rectifier using a diode rectifier and boost dc to dc converter is suitable 
for low power applications. This type of converters has advantages such as [18], [19], 
[78]: 
o simple structure 
o low cost 
o high reliability 
o simple control algorithm  
o allow maximum power point tracking 
However, it introduces high harmonic distortion and unable to control the power factor, 
which affects the system performance and efficiency [18], [19]. In this topology, power 
semiconductor device has to endure high instantaneous voltage and current stress. 
Moreover, it introduces torque oscillations which result in decreasing efficiency and 
lifetime. There are several topologies which are investigated to reduce system cost by 
lowering the number of power electronic switches [15],[77]–[80]. A three-switch buck-
type rectifier based generator side converter is used in [15]. This topology is robust but 
requires an extra stage to boost dc voltage.  
Vector controlled back to back PWM converter with voltage source converter (VSC) is 
preferred for IPM synchronous generator based variable speed wind turbines.  In a 
traditional vector control scheme of PMSG, the d-axis current is regulated to zero and 
the q-axis current is controlled to control the torque of the generator in the rotor 
82 
 
reference frame. However, in an IPM synchronous generator both d- and q-axis currents 
need to be regulated to utilize the rotor saliency and to enhance the system efficiency. In 
the proposed control scheme, the IPM synchronous generator is controlled using MTPA 
trajectory and MPE algorithm to enhance system performance with increased energy 
capture and efficiency. The MTPA control produces a given torque with a minimum 
stator current which maximizes the utilization of the stator current and minimizes the 
stator losses of the IPM generator [35]. 
4.3   Indirect Control Strategies for Generator Side Converter of 
PMSG Based Direct Drive Variable Speed Wind Turbine 
There are many control strategies available for PMSG based direct drive variable speed 
wind turbines. These control strategies can be classified as: 
o Indirect control strategies- where torque/speed of the wind turbine generator 
is controlled by controlling d-and q-axes stator current id and iq in the rotating 
reference frame. 
o Direct control strategies- where torque/speed of the wind turbine generator is 
controlled by direct control of stator flux linkage and torque in the stator 
reference frame. 
The indirect control strategies of PMSG based variable speed wind turbines using a 
single switch switch-mode rectifier and six switch PWM voltage source converters are 
presented in the following sections. 
 
4.4   Modelling, Analysis and Control of PMSG Based Variable Speed 
Wind Turbine with Switch-mode Rectifier  
 
4.4.1 System Structure 
Fig. 4.1 shows the system structure of a PMSG based variable speed wind turbine using 
switch mode rectifier. The system consists of  
 Diode bridge rectifier 
 Boost dc- dc converter with associated controllers 
 DC link capacitor 
 Inverter with controllers for grid interface or to supply power to a local load 
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 Filter 
 Coupling transformer 
 Grid or local load 
 
As the wind speed changes, the output of the generator varies in amplitude and 
frequency. The function of the power electronic interface and associated controllers is to 
produce an output with regulated voltage and frequency to supply power to the grid or 
local load. The diode rectifier converts the variable output AC voltage to DC voltage 
and the boost DC to DC converter the rectifier output DC voltage to a higher regulated 
DC voltage level suitable for the inverter operation. The output of the switch-mode 
rectifier can be controlled by controlling the duty cycle of the IGBT (insulated gate 
bipolar transistor) switch at any wind speed to extract maximum power from the wind 
turbine [80]. The boost DC-DC converter should be designed properly so that the DC 
link voltage at the inverter input is maintained to a fixed level over the entire operating 
range of the generator for wind speeds between cut-in speed and rated speed. This will 
ensure the delivery of maximum captured power to the grid or local load [35]. The 
vector controlled IGBT inverter is used to interface the wind energy system with the 
grid. For a standalone system, the inverter is controlled to regulate output voltage and 
frequency. An energy storage and dump load is used to regulate voltage and frequency 
in a stand-alone system. 
 
 
 
Figure 4.1 PMSG based variable speed wind Turbine with diode rectifier and boost DC-DC converter. 
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Figure 4.2 PMSG with three phase diode rectifier 
 
4.4.2 Three Phase Diode Rectifier  
Figure 4.2 shows the PMSG with a three phase diode rectifier. In Fig.4.2, Rs is the stator 
resistance Ls is the stator inductance of PMSG. The instantaneous phase voltages of 
PMSG are given by:  
 𝑣𝑎𝑛 = 𝑉𝑚 sin(𝜔𝑡)                                     (4-4) 
 𝑣𝑏𝑛 = 𝑉𝑚 sin(𝜔𝑡 − 120°)                                                                          (4-5)                                                                               
 𝑣𝑐𝑛 = 𝑉𝑚 sin(𝜔𝑡 − 240°)                                                             (4-6) 
 
Where, 𝑉𝑚 is the peak value of phase voltage. 
As line to line voltage leads the phase voltage by 30
0
, the instantaneous line to line 
generator output voltages are given by:  
 
𝑣𝑎𝑏 = √3 𝑉𝑚 sin(𝜔𝑡 + 30°)                                                                    (4-7) 
𝑣𝑏𝑐 = √3 𝑉𝑚 sin(𝜔𝑡 − 90°)                                                                            (4-8) 
𝑣𝑐𝑎 = √3 𝑉𝑚 sin(𝜔𝑡 − 210°)                                                                          (4-9) 
 
The rectifier average output voltage Vdc1 is (neglecting Rs and Xs) [25]:  
𝑉𝑑𝑐1 =
1
𝜋/3
 ∫ √3
2𝜋/3
𝜋/3
𝑉𝑚𝑠𝑖𝑛𝜔𝑡 𝑑𝜔𝑡 =
3√3𝑉𝑚
𝜋
=
3𝑉𝑚(𝐿−𝐿)
𝜋
= 1.654 𝑉𝑚           (4-10) 
Where, 𝑉𝑚(𝐿−𝐿) = √2𝑉(𝐿−𝐿),𝑟𝑚𝑠 is the peak line to line voltage of the PMSG output. 
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The amplitude of ac voltage terms are [81]: 
𝑉𝑛 =
6𝑉𝑚(𝐿−𝐿)
𝜋(𝑛2 − 1)
          𝑤ℎ𝑒𝑟𝑒, 𝑛 = 6,12,18 … … … 
As the output voltage ripple is periodic with period1/6 of the rectifier input, the 
harmonics in the output are of order  6 × 𝑘𝜔, 𝑘 = 1,2,3 … … .. . 
 
The Fourier series of the currents in phase a of the ac line is [25]: 
 𝑖𝑎(𝑡) =
2√3
𝜋
 𝐼0 (𝑐𝑜𝑠𝜔0𝑡 −
1
5
𝑐𝑜𝑠5𝜔0𝑡 +
1
7
𝑐𝑜𝑠7𝜔0𝑡 −
1
11
𝑐𝑜𝑠11𝜔0𝑡  
            +
1
13
𝑐𝑜𝑠13𝜔0𝑡 − ⋯ )      (4-11) 
where ia(t) consists of the terms at the fundamental frequency of the ac system and 
harmonics of order 6k ± 1, k = 1,2,3,………..        
If the generator inductance Ls is considered as shown in Fig.4.3, the current transfer 
from one diode to the other occurs gradually over a commutation interval µ. The 
commutation process causes a voltage drop and reduces the dc output voltage. 
Considering the generator leakage inductance the rectifier output dc voltage can be 
given as [81], 
 
𝑉𝑑𝑐1 =
3𝑉𝑚(𝐿−𝐿)
𝜋
(1 −
𝑋𝑠𝐼𝐿
𝑉𝑚(𝐿−𝐿)
)                 (4-12) 
 
The generator leakage inductance Ls lowers the average output voltage of the three 
phase rectifiers. 
 
 
Figure 4.3 PMSG with three phase diode rectifier with generator inductance Ls. 
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4.4.3 Design of Boost DC-DC Converter  
The output of the three phase rectifier is fed to the input of the boost DC-DC converter 
to step up the DC link voltage (Vdc2) to a suitable level for the proper operation of the 
inverter.Fig.4.4 show the boost dc to dc converter. The boost DC-DC converter is 
designed in such a way that the DC link voltage which is the input to the inverter is 
regulated under different wind speeds. The boost dc-dc converter is controlled to extract 
maximum power under varying wind speed as shown in Fig.4.5.  
 
The output of the boost DC-DC converter is given by [81]: 
 
𝑉𝑑𝑐2 =
𝑉𝑑𝑐1
1−𝐷
                                    (4-13) 
where, 
𝑉𝑑𝑐1 = 𝑖𝑛𝑝𝑢𝑡  𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑡𝑜 𝑡ℎ𝑒 𝑏𝑜𝑜𝑠𝑡 𝐷𝐶 − 𝐷𝐶 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 (V) 
𝑉𝑑𝑐2 = 𝑜𝑢𝑡𝑝𝑢𝑡  𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑜𝑜𝑠𝑡 𝐷𝐶 − 𝐷𝐶 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 (V)  
𝐷 =
𝑇𝑠
𝑇𝑜𝑛
= 𝑑𝑢𝑡𝑦 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑤𝑖𝑡𝑐ℎ  
 
The minimum inductance for continuous conduction of the boost DC-DC converter can 
be calculated from, 
 
 
 
Figure 4.4 Boost Dc-DC converter. 
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𝐿𝑚𝑖𝑛 =
𝐷(1−𝐷)2
2𝑓𝑠
                                 (4-14) 
where, 
𝑓𝑠 =
1
𝑇𝑠
= 𝑠𝑤𝑖𝑡𝑐ℎ𝑖𝑛𝑔 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 (𝐻𝑧)  
 
The inductance value for the boost converter should be higher than this value to ensure 
continuous conduction. 
 
The output ripple voltage of the boost converter can be written as, 
 
s
s
dc
dc
fRC
D
RC
DT
V
V
222
2 

                  (4-15) 
and the capacitor C2 can be calculated as 
0V
V
RCf
D
C
o
s


                   (4-16) 
where, 
𝑅 =
𝑉𝑑𝑐2
𝐼𝑑𝑐
 = output resistance (Ω) 
 
4.4.4 Control of Boost DC-DC Converter with Maximum Power Extraction  
To extract optimum power under fluctuating wind speeds, the speed of the generator 
needs to be regulated by controlling the IGBT switch of the boost DC-DC converter. By 
regulating the wind turbine rotor speed (or generator speed) optimally, the tip speed 
ratio (λ) of the turbine can be controlled at the optimum value to obtain maximum CP 
under variable wind speed. The optimal wind turbine rotor speed (or generator speed) is 
proportional to the wind speed. Therefore, the maximum mechanical power is captured 
by the wind turbine by regulating the generator speed under different wind speeds. 
Fig.4.5 shows the proposed algorithm for maximum power extraction (MPE) from the 
variable speed wind turbine. This algorithm requires following steps and inputs: 
 Measure wind speed 𝑣𝑤  
 Calculate reference speed for maximum power extraction from 
𝜔𝑚
∗ =
𝜆𝑜𝑝𝑡
𝑅
𝑣𝜔 = 𝐾𝜔𝑣𝜔                               (4-17) 
 The speed controller output will give the reference current 𝐼𝐿
∗  
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Figure 4.5 Proposed maximum power extraction algorithm under varying wind speed. 
 
 Measure the input inductor current to the boost converter 𝐼𝐿  
 The error between reference and measured line currents is passed through 
proportional-integral (PI) to produce duty cycle, D. 
 Finally the duty cycle, D is used to produce the required PWM pulses for the 
IGBT switch of the boost DC-DC converter. 
 
 
4.4.5 Simulation Model  
The wind energy conversion system of Fig.4.1 is implemented using dynamic system 
simulation software MatlabSimpowerSystem. The simulation model is developed based 
on Kollmorgan BH822 IPM synchronous machine. The parameters of the IPM 
synchronous generator are measured experimentally and are given in Chapter 3 Table 
3.3. The power converter and the controllers with maximum power extraction algorithm 
are also implemented and included in the model. The sampling time used for simulation 
is 20 μs.  
 
4.4.6  Simulation Results and Discussions 
Fig.4.6 shows the performance of generator side switch-mode converter controller with 
maximum power extraction for variable wind speeds. Fig.4.6 (a) and (b) show the 
generator speed response and inductor current response, respectively. It is observed that 
the generator speed and inductor current follow their references quite well and allow the 
generator to extract maximum power under fluctuating wind speeds. Fig.4.6 (d) to (f) 
show the turbine torque response, generator electromagnetic torque response and 
generated power, respectively. Fig. 4.7 shows the expanded view of Fig.4.6 to show the 
controller performances clearly. Fig.4.8 shows the generated power vs turbine speed  
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Figure 4.6 Performance of generator side switch-mode converter controller with maximum power 
extraction. 
 
response. It is seen that the turbine mechanical power follow the optimum powr curve 
quite well and the generator can extract maximum power under variable wind speeds. 
 
Fig.4.9 show the generator torque, voltage and current responses under steady state at 
the rated operating conditions. As shown in Fig.4.9 (b) and (c), the generator voltage 
and current waveforms are distorted due to the nonlinear characteristics of the switch 
mode rectifier. The generator current waveform contains harmonic which causes torque 
ripples as shown in Fig.4.9 (a).This is a drawback of diode rectifier based wind energy 
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conversion system. However, it can operate with a power factor close to unity. Fig.4.9 
(d) shows the generator line to line voltage and line current. As expected, the line 
current is lagging the line voltage by around 30
0
. 
 
 
Figure 4.7 Performance of generator side switch-mode converter controller with maximum power 
extraction (Expanded view). 
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Figure 4.8 Generator power vs turbine speed. 
 
Figure 4.9 Generator torque, voltage and current responses at the rated operating conditions. 
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4.5   Control of PMSG Based Direct Drive Variable Speed Wind 
Turbine with Back to Back PWM Converter      
The control of PMSG based variable speed wind energy conversion system using three 
phase diode rectifier and boost DC-DC converter as discussed in section 4.5 has 
advantages of  simple structure, low cost, simple controller and close to unity power 
factor operation. However, it possesses some drawbacks such as harmonics in generator 
current which introduce torque ripples and affect generator efficiency [15], [16]. 
Moreover, this type of converter is not suitable for large scale wind turbine applications. 
In this section, the control of PMSG based wind energy conversion system using back-
back PWM converters is presented which has better performance. This topology can 
solve the problems associated with three phase diode rectifier and boost DC-DC 
converter based wind energy conversion system. It can provide unity power factor 
operation (UPF) and low current harmonic content. The PWM converter also provides 
dc bus voltage boost and regulation and compensates harmonics and reactive power at 
the point of common coupling of the wind turbines [82]. 
 
4.5.1 System Structure 
Fig. 4.10 shows the system structure of a PMSG based variable speed wind turbine 
using back to back PWM converter. The system consists of  
 Generator side PWM rectifier with controller 
 DC link capacitor 
 Grid/load side PWM inverter to supply power to a local load 
 Filter 
 Coupling transformer to provide isolation between grid and wind turbines 
 Grid or local load 
The control of this type of wind energy conversion system includes: 
 Generator side PWM rectifier control to extract maximum active power 
available from the wind turbine using maximum power extraction algorithm 
 Grid side PWM inverter control with reactive power and dc link voltage 
controllers. 
This type of wind energy conversion system requires full rated converters and   
processes full power from the generator to the grid/load. The control of grid side  
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Figure 4.10 PMSG based variable speed wind Turbine with back to back PWM converters. 
 
converter is decoupled from generator side control which facilitates the system design 
and increases the operating range of the generator [82]. 
4.5.2  Analysis of PWM Rectifier 
Fig.4.11 show the PWM rectifier circuit connected to the PMSG. Rs and Ls represent 
generator resistance and inductance, respectively. The generator inductor Ls introduces 
current source characteristics of the input circuit and provide boost feature of the 
converter [82]. The inductance voltage vL equals the difference between the generator 
voltage van and the converter input voltage vcon. The PWM rectifier circuit consists of 
three legs with IGBT (or GTO thyristor). The analysis of PWM rectifier is presented on 
a per phase basis as shown in Fig.4.12 [83]. The PWM voltage source converter 
operates in rectifier mode if the converter voltage Vcon,A is made to lag the generator 
voltage Van by an angle δ. This causes the power to flow from generator ac side to the 
DC link as shown in Fig.4.13.    
 
Figure 4.11 PWM rectifier circuit connected to the PMSG. 
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Figure 4.12 Per phase representation of PWM rectifier connected to the PMSG.  
 
 
 
Figure 4.13 Steady state per phase equivalent circuit. 
 
The power transfer from AC side to DC link is given by [27]: 
 
𝑃 =
𝑉𝑎𝑛×𝑉𝑐𝑜𝑛𝐴
𝑋𝑠
𝑠𝑖𝑛𝛿                   (4-18) 
where, 
 𝑉𝑎𝑛 = rms fundamental generator phase  voltage (V) 
   𝑉𝑐𝑜𝑛𝐴 = rms fundamental converter voltage (V) 
  𝛿 = power angle (deg.) 
The power angle δ can be controlled by controlling the phase displacement of the 
command sinusoidal waveforms [83]. If the reference voltage is set to lag the 
fundamental generator voltage Van by the fundamental component of Vcon,A, then it will 
lag the generator fundamental voltage by the same angle. The condition for power 
transfer from the generator AC side to DC link is stated by equation (4-18). The 
amplitude modulation index ma determines the magnitude of converter voltage VconA 
[83]. 
Neglecting stator resistance and using Fig.4.13, we get 
 ansaconAsasaconAan VjXIVjXIRIVV                         (4-19) 
PMSG
S1
S4
VconA
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Figure 4.14 Phasor diagram of the PWM rectifier at unity power factor.  
 
Fig.4.14 shows the phase diagram which explains the rectifier mode of operation of the 
PWM voltage source converter. The input power factor angle θ of the PWM rectifier 
can also be controlled by controlling the power angle, δ. The converter voltage is given  
by 
saanconA jXIVV                               (4-20) 
The rms fundamental component of the converter voltage at the AC input terminal is 
VconA,1 depends on  the values of generator voltage (Van), current (Ia) and reactance (Xs). 
The value of fundamental converter voltage VconA,1  can be determined for a given 
generator voltage, generator current, power factor and reactance. The amplitude of dc 
link voltage is determined by the modulation index ma and VconA,1 [83]. The amplitude 
of Vdc is given by [83]: 
 𝑉𝑑𝑐 = 2√2
𝑉𝑐𝑜𝑛𝐴
𝑚𝑎
                  (4-20) 
Or   𝑉𝑑𝑐 =
2√2
√3
𝑉𝑐𝑜𝑛𝐴𝐵
𝑚𝑎
                 (4-21) 
Where, 
   𝑉𝑐𝑜𝑛𝐴 = rms fundamental converter voltage (V) 
   𝑉𝑐𝑜𝑛𝐴𝐵 = rms line to line  fundamental converter voltage (V) 
The switches of the PWM rectifier should be rated at least at the DC link voltage. The 
frequency modulation ratio mf is defined as the ratio of the frequency of the carrier 
signal and reference (control) signal is given by 
anV
aI
sa jXI

0
conAV
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e
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f                        (4-22) 
Increasing the carrier frequency (increasing mf) increases the frequencies at which the 
harmonic occur. The harmonic content of the current and voltage is less with higher 
switching frequency. However, the high switching frequencies causes higher losses in 
the switches used to implement the converter [81]. Therefore, a trade-off needs to be 
made between the switching frequency and harmonic content for the converter. 
 
4.5.3 Control of Generator Side PWM Rectifier with Maximum Power Extraction 
The main purpose of the IPM synchronous generator side converter controllers is to 
extract maximum power under variable wind speeds and to limit the peak absorbed 
power for the safe operation of the wind turbine under varying wind speeds. Fig.4.15 
shows the control structure of the generator side PWM rectifier with maximum power 
extraction under varying wind speeds. 
 
4.5.3.1 The Proposed Maximum Power Extraction Algorithm  
The mechanical turbine power vs turbine speed is shown in Fig.4.16. The optimum 
power curve is also shown in Fig.4.16. There is a matching turbine speed that produces 
maximum power under variable wind speeds. The purpose of the controller is to operate 
the turbine on this curve by regulating the generator speed at different wind speeds to 
extract maximum power. If the wind turbine generator speed is controlled using the 
reference generator speed which properly follow the change in wind speed, the wind 
turbine will extract maximum power at any wind speed in the operating region.  
 
The proposed control algorithm for the generator side PWM rectifier with maximum 
power extraction involves following steps and inputs: 
 
 Measure wind speed 𝑣𝑤  
 Determine the generator speed reference 
The expression for optimum power is given by equation (2-7) which is re-
written below for convenience as 
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  𝑃𝑚_𝑜𝑝𝑡 = 0.5𝜌 𝐴𝐶𝑝_𝑜𝑝𝑡 (
ɷ𝑚_𝑜𝑝𝑡×𝑅
𝜆𝑜𝑝𝑡
)
3
= 𝐾𝑜𝑝𝑡(ɷ𝑚_𝑜𝑝𝑡)
3
                        (4-23) 
 where, 𝐾𝑜𝑝𝑡 = 0.5𝜌 𝐴𝐶𝑝_𝑜𝑝𝑡 (
𝑅
𝜆𝑜𝑝𝑡
)
3
            and  ɷ𝑚_𝑜𝑝𝑡 =
𝜆𝑜𝑝𝑡
𝑅
𝑣𝑤 = 𝐾𝑤𝑣𝑤  
 Therefore, the generator speed reference is     
𝜔𝑚
∗ =
𝜆𝑜𝑝𝑡
𝑅
𝑣𝜔 = 𝐾𝜔𝑣𝜔                            (4-24) 
 Measure the generator speed using speed sensor.  
 The error between reference generator speed and measured speed  is: 
𝑒𝜔 = 𝜔𝑚
∗ − 𝜔𝑚.  
This error is the input to the PI controller and the PI controller output will give the 
torque reference 𝑇𝑔
∗. The generator is controlled by controlling d- and q-axes current 
using maximum torque per ampere control (MTPA), which is discussed in sub-section 
4.6.3.2. 
 
 
Figure 4.15 Control of Generator side converter with MTPA and maximum power extraction. 
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Figure 4.16. Mechanical turbine power vs wind speeds. 
 
4.5.3.2 Control of PMSG with Maximum Torque Per Ampere (MTPA) Control 
The d- and q- axes voltages of PMSG are given by equations (3-22) and (2-23), which 
are re-written below for convenience, 
dqrsdd pRiv                                (4-25) 
 
qdrsqq pRiv                    (4-26) 
The d- and q-axes stator flux linkages can be written as 
 Mddd iL                                (4-27) 
 
qqq iL                    (4-28) 
The maximum torque per ampere control produces a given torque with a minimum 
stator current [26]. The IPM synchronous generator torque is given by [35]: 
 
 𝑇𝑔 =
3
2
𝑃(𝜆𝑑𝑖𝑞 − 𝜆𝑞𝑖𝑑) = −
3
2
𝑃[𝜆𝑀𝑖𝑞 + (𝐿𝑑 − 𝐿𝑞)𝑖𝑑𝑖𝑞]             (4-29) 
 
where, d ,q -  d- and q- axes stator flux linkages. 
 id, iq, Ld and Lq are the d- and q- axes, currents and inductances respectively. 
M - permanent magnet flux linkage. 
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r - the electrical rotor speed in rad/sec, 
 p -  the operator d/dt 
P- number of pole pairs 
 
The torque equation in (4-29) consists of two terms. The first term is the excitation 
torque and the second term is the reluctance torque. The excitation torque is produced 
by the interaction of the magnet flux linkage and q- axis current. It does not depend on  
id. The reluctance torque is proportional to the product of id and iq and to the difference 
of d-axis and q-axis inductances.. For an IPM synchronous generator, higher torque can 
be generated if the difference in inductance (Ld - Lq) is larger. This is an important 
feature of an IPM synchronous generator.  
 
The IPM synchronous generator current is given by 
qds jiii                    (4-30) 
and  
𝑖𝑠 = √𝑖𝑑
2 + 𝑖𝑞2                   (4-31) 
from which, we get 
𝑖𝑑 = √𝑖𝑠2 − 𝑖𝑞2                 (4-32) 
Substituting equation (4-32) in equation (4-29), we get 
 
 𝑇𝑔 =
3
2
𝑃[𝜆𝑀𝑖𝑞 + (𝐿𝑑 − 𝐿𝑞)(√𝑖𝑠2 − 𝑖𝑞2)𝑖𝑞]               (4-33) 
 
To find the maximum torque per ampere, we can differentiate equation (4-33) and set 
the derivative equal to zero. We get  
 
𝑖𝑞
2
𝑖𝑑
(𝐿𝑑 − 𝐿𝑞) = − 𝜆𝑀 + (𝐿𝑑 − 𝐿𝑞)𝑖𝑑                (4-34) 
From which, we get 
 𝑖𝑑 =
𝜆𝑀
2(𝐿𝑑−𝐿𝑞)
± √
𝜆𝑀
2
4(𝐿𝑞−𝐿𝑑)
2 + 𝑖𝑞2  where,  𝐿𝑑 ≠ 𝐿𝑞             (4-35) 
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For a given generator torque and magnet flux linkage, the d- and q-axes stator currents 
for the MTPA scheme can be obtained by solving equation (4-29) and (4-35). 
Therefore, for an IPM synchronous generator, the d- and q-axis current references are 
given by  
 𝑖𝑞
∗ =
2𝑇𝑔
∗
3𝑃[𝜆𝑀−(𝐿𝑑−𝐿𝑞)]𝑖𝑑
                  (4-36) 
 
 𝑖𝑑
∗ =
𝜆𝑀
2(𝐿𝑑−𝐿𝑞)
+ √
𝜆𝑀
2
4(𝐿𝑞−𝐿𝑑)
2 + (𝑖𝑞∗)2                (4-37) 
Where id is the measured d-axis stator current, 𝑇𝑔
∗ is generated by the speed controller 
output. 
 
The space vector diagram of the generator with MTPA control is given in Fig.4.17 [35], 
where δ is the angle of the stator current vector with respect to the q-axis, given by [35]: 
 
 𝛿 = tan−1
𝑖𝑑
𝑖𝑞
=  
𝜋
2
− 𝜃𝑖             for 0 ≤ θi ≤ π/2                                              (4-38)            
 
 
(a) Space vector diagram. 
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(b) d-axis current . 
 
(c) q-axis current. 
Figure 4.17 Space vector diagram of IPM synchronous generator with maximum torque per ampere 
control. 
 
Fig.4.18 shows trajectory of generator torque (0.8 pu) with different values of stator dq-
axes rms currents [35]. As shown in Fig.4.18, the stator rms current Is reaches its lowest 
value (0.85 pu) at Id of 0.44 pu. The MTPA operation is achieved at the point Q. 
 
 
Figure 4.18 Trajectory of stator current at Tg = 0.8 pu. 
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Figure 4.19 Trajectory of maximum torque per ampere control. 
 
 
Fig.4.19 shows the trajectory of the generator torque produced by the MTPA control 
scheme [35]. The MTPA trajectory intersects with the 0.8 pu torque at point Q, where 
the torque is produced with a minimum stator current. The main feature of the MTPA 
control method is that it can produce a given torque with a minimum generator current 
[35]. It ensures maximum utilization of the stator current and minimizes the stator 
losses [35]. 
 
 
4.5.3.3 Simulation Model  
The wind energy conversion system of Fig.4.10 is implemented using 
Matlab/SimPowerSystems. The generator side converter with MTPA control with 
maximum power extraction as shown in Fig.4.15, is implemented.  The IPM 
synchronous generator data used for the simulation is given in Chapter 3 Table 3.3. The 
sampling times for the torque and speed control loops are 20 µs and 100 µs, 
respectively. The Matlab/SimPowerSystems wind turbine model is used in this work. 
The input to the wind turbine model is wind speed and the output is torque.  
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4.5.3.4 Simulation Results and Discussions 
Fig.4.20 shows the performance of MTPA controller for generator side PWM rectifier 
with maximum power extraction under varying wind speed. The reference speed and 
actual speed are shown in Fig.4.20 (b). It is seen that the generator speed follows its 
reference quite well and allow the generator to extract maximum power under 
fluctuating wind speeds. The d- and q-axes currents together with their references are 
shown in Fig.4.20(c) and Fig.4.20 (d), respectively for the wind speed shown in 
Fig.4.20 (a). It is observed that d-axis and q-axis currents follow their respective 
references well and regulate the generator current under different wind speeds. The 
modulation index of the PWM rectifier is shown in Fig.4.20 (e). Fig. 4.21 shows the 
expanded view of Fig. 4.20 to show the controller performances clearly. Fig. 4.22(a) to 
(c) show the generator electromagnetic torques, turbine mechanical torque and 
generator power responses, respectively. 
 
Fig.4.23 (a) to (c) shows response at rated operating condition for generator torque, 
current, line voltage, respectively. It is noted that vector control with MTPA improves 
the performance of the system compared to switch-mode rectifier (diode rectifier + 
boost dc to dc converter) as shown in Fig.4.9. The ripples in torque, current and voltage 
are reduced significantly and improved the total harmonic distortion. Fig.4.24 shows the 
locus of generator stator current vector under MTPA control. It is observed that the 
stator current vector moves along the MTPA trajectory to extract maximum power at 
variable wind speeds.  
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Figure 4.20   Performance of MTPA controller for generator side PWM rectifier with maximum power 
extraction under varying wind speed. 
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Figure 4.21   Performance of MTPA controller for generator side PWM rectifier with maximum power 
extraction under varying wind speed.  (Expanded view). 
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Figure 4.22 Generator electromagnetic torque, turbine mechanical torque and generator power responses 
under varying wind speed. 
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Figure 4.23 Generator voltages, current and torque responses at rated operating condition. 
 
 
Figure 4.24 Locus of generator stator current vector under MTPA control. 
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Fig.4.25(a) shows the transient responses of generator speed and power and Fig.4.25(b) 
shows the generator electromagnetic torque and turbine mechanical torque, respectively. 
During 3.99 < t < 4.0 sec, the wind turbine generator operates in steady state. At t = 4 
sec, the wind speed is increased to the rated value. The turbine mechanical torque 
increased to rated value instantly, however, the generator speed increases to rated value 
gradually due to rotor inertia. The difference between the turbine mechanical torque 
(Tm) and the generator electromagnetic torque (Tg) causes the generator to accelerate 
and the rotor speed increases accordingly. Finally, the wind turbine generator reaches its 
steady state rated value. 
 
 
Figure 4.25 Transient responses of generate speed, generate power, turbine torque and generator torque 
when wind speed increased to rated value at t = 4 sec. 
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Fig. 4.26 shows a comparison of torque responses between vector control with MTPA 
trajectory using PWM rectifier and switch-mode rectifier. The switch mode rectifier 
consists of diode rectifiers and a boost dc to dc converter. Fig. 4.26(a) clearly shows 
that torque ripple is less with vector control with MTPA trajectory than that with the 
switch-mode rectifier as shown in Fig. 4.26(b). 
 
 
Figure 4.26 Comparison of torque responses under vector control with PWM rectifier and switch-mode 
rectifier. 
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Fig.4.27 shows the maximum power extraction under varying wind speed. The 
difference between the turbine torque Tm and generator torque Tg determines the 
acceleration and deceleration of the wind turbine generator. The accelerating torque is 
the difference between the turbine mechanical torque and the torque given by the 
optimum curve. Consider Fig.4.27, the wind turbine generator is operating at point ‘a’ 
and the wind speed is increased from vw3 to vw4 (point b). The difference in torque 
between Tm and Tg causes the wind turbine generator to accelerate. Finally, the 
generator reaches the operating point ‘c’ where the accelerating torque is zero. A similar 
situation occurs when the wind speed is reduced to a lower value.  Therefore the wind 
turbine generator will extract maximum power by regulating the generator speed at 
varying wind speeds. 
 
Fig.4.28 shows the comparison of maximum power extraction using switch-mode 
rectifier (blue) and PWM rectifier with MTPA control (red). The performance of MTPA 
control is slightly better than switch-mode rectifier based converter.  
 
 
 
Figure 4.27 Maximum power extraction under varying wind speed (mechanical power vs generator 
speed). 
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Figure 4.28 Comparison of Maximum power extractions under two control methods.  
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4.6   Control of Inverter in Grid Connected Mode 
 
The function of the grid side inverter is to interface the wind turbine generator with the 
grid and control the active/reactive power flow to the grid. Fig.4.29 shows a grid 
connected wind energy conversion system with a voltage source inverter with the 
controllers. There are different control strategies which are used to control the grid side 
converter. They all are focused on the same objectives, which are; control of the DC-
link voltage, control of active/reactive power supplied to the grid, grid synchronization 
to ensure reliable operation of the system [35],[84]. Fig.28 (b) shows the vector control 
scheme of the grid side PWM inverter. The control strategy consists of two control 
loops. The inner loop controls the grid current and the outer loop controls the dc link 
voltage and the reactive power The outer loops regulate the power flow of the system by 
controlling the active and reactive power injected to the grid [35],[84]. 
 
4.6.1 Vector Control of Grid Side Inverter with Decoupled Current Controller 
The grid side inverter can be modulated using the PWM scheme and inverter output 
voltage is given by [35], the average dc input voltage to the inverter is given by, 
 
dcadcarmsABrmsLL VmVmVV 612.0
22
3
,,   for 0 < 𝑚𝑎 ≤ 1                     (4-39) 
and the dc link voltage is given by 
 
 
 
Figure 4.29 PMSG based variable speed wind Turbine with back to back PWM converters. 
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                  (4-40) 
Where, 
𝑉𝐿𝐿,𝑟𝑚𝑠 = 𝐿𝑖𝑛𝑒 𝑡𝑜 𝑙𝑖𝑛𝑒 𝑟𝑚𝑠 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 (𝑉) 
𝑉𝑑𝑐 = 𝑑𝑐 𝑙𝑖𝑛𝑘 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 (𝑉) 
𝑉𝑎𝑖 = 𝑟𝑚𝑠 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑓𝑢𝑛𝑑𝑎𝑚𝑒𝑛𝑡𝑎𝑙 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑜𝑓  𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 𝑝ℎ𝑎𝑠𝑒 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 (𝑉)  
𝑚𝑎 = 𝑚𝑜𝑑𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑑𝑒𝑥 𝑜𝑓 𝑡ℎ𝑒 𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 
 
Assuming that Vai1 is equal to the rms value of grid phase voltage Vg, which can be 
considered constant for grid connected system, the DC voltage can be boosted to a high 
value by a small ma [84]. 
 
The active and reactive power from wind energy system supplied to the grid can be 
given by 
gggg IVP cos3                              (4-41) 
gggg IVQ sin3                             (4-42) 
where, 
𝑉𝑔 = 𝑟𝑚𝑠 𝑔𝑟𝑖𝑑 𝑝ℎ𝑎𝑠𝑒 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 (𝑉) 
𝐼𝑔 = 𝑟𝑚𝑠 𝑔𝑟𝑖𝑑 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 (𝐴) 
𝜑𝑔 = 𝑔𝑟𝑖𝑑 𝑝𝑜𝑤𝑒𝑟 𝑓𝑎𝑐𝑡𝑜𝑟 𝑎𝑛𝑔𝑙𝑒 (𝑑𝑒𝑔. )  
 
The active power 𝑃𝑔 < 0 indicates that power is flowing from wind energy system to 
the grid. The grid operator may require the wind farm to provide a controllable reactive 
power  to the grid for voltage stability  in addition to the active power. Therefore, the 
inverter can operate with the power factor angle in the range of  900 ≤ 𝜑𝑔 ≤ 270
0 [84]. 
 
4.6.1.2 Detection of Grid Voltage Angle  
The vector control scheme is implemented in the synchronous reference frame, where 
all the variables are of DC components in steady state. This simplifies the design of 
controller for the grid side inverter. Assuming that the grid voltages vag, vbg, vcg, are here 
phase balanced sinusoidal waveforms, the grid voltage angle can be calculated as [84],  
𝜃𝑔 = 𝑡𝑎𝑛 (
𝑣𝛽
𝑣𝛼
)                  (4-43) 
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where 𝑣𝛽 and 𝑣𝛼 can be obtained from three phase abc to two phase 𝛼𝛽 transformation 
as [28], 
𝑣𝛼 =
2
3
(𝑣𝑎𝑔 −
1
2
𝑣𝑏𝑔 −
1
2
𝑣𝑐𝑔) = 𝑣𝑎𝑔                 (4-44) 
 
𝑣𝛽 =
2
3
(
√3
2
𝑣𝑏𝑔 −
√3
2
𝑣𝑐𝑔) =
√3
2
(𝑣𝑎𝑔 + 𝑣𝑏𝑔)                (4-45) 
for  𝑣𝑎𝑔 + 𝑣𝑏𝑔 + 𝑣𝑐𝑔 = 0 
 
The grid voltage angle is used for the transformation of variables (voltage/current) from 
stationery abc to rotating dq synchronous frame or from dq synchronous frame to abc 
stationery frame through dq-transformation equation. There are various methods are 
available to detect grid voltage angle θg. The grid voltage may contain harmonics. 
Therefore, digital filters or phase locked loop (PLL) may be used for the detection of 
grid voltage angle θg. 
 
4.6.1.3 Vector Control in dq- synchronous Reference Frame  
Fig.4.30 shows the block diagram for the vector control scheme for the grid side 
inverter with decoupled current controller. There are three control loops in this control 
scheme. These are 
 Two inner current control loops for the dq axis current idg and iqg. 
 One dc link voltage control loop to regulate the dc link voltage 
 
The voltage balance across the line inductance fL is given by  
 
 











































ci
bi
ai
cg
bg
ag
f
cg
bg
ag
f
cg
bg
ag
v
v
v
i
i
i
dt
d
L
i
i
i
R
v
v
v
                         (4-46) 
 
The instantaneous power in a three phase system is given by: 
 
   cgbgagcgbgagcgcgbgbgagag iiivvvivivivtP )(                (4-47) 
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Where, Lf and Rf are the line inductance and resistance respectively. cibiai vvv ,,  
represent voltages at the inverter output. iag, ibg, icg  are the line currents. The line 
resistance Rf is negligibly small and it is normally neglected in the analysis. 
 
 
 
 
 
 
 
Figure 4.30 Vector control of grid side inverter with decoupled current controllers. 
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Fig.4.31 shows the vector representation of variables in abc and dq-reference frames. 
Transforming the voltage equations using dq transformation in the rotating reference 
frame [35]: 
 qgf
dg
fdgfddg iL
dt
di
LiRvv  1                                       (4-48) 
dgf
qg
fqgfqqg iL
dt
di
LiRvv  1                                 (4-49) 
   22 qgdgg vvV        
 
Using dq transformation, the active and reactive powers are  given by 
  qgqgdgdgg ivivP 
2
3
                  (4-50) 
  dgqgqgdgg ivivQ 
2
3
                 (4-51) 
If the reference frame is as 0qgv  and gdg Vv  , the equations for active and reactive 
power can be written as, 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.31 Stationary abc frame to rotating synchronous reference frame transformation 
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   dggdgdgg iVivP
2
3
2
3
                  (4-52) 
 
   qggqgdgg iVivQ
2
3
2
3
                  (4-53) 
 
The above equations show that the active and reactive power can be controlled by 
controlling d-axis and q-axis currents, respectively. 
 
The q-axis current reference 𝑖𝑞𝑔
∗  can be obtained from 
𝑖𝑞𝑔
∗ =
𝑄𝑔
∗
−1.5𝑣𝑑𝑔
                              (4-54) 
Where, 𝑄𝑔
∗  reactive power reference. For unity power factor, 𝑄𝑔
∗ = 0, for leading power 
factor 𝑄𝑔
∗ = −𝑣𝑒 and for lagging power factor 𝑄𝑔
∗ = +𝑣𝑒. 
 
The PI controller for the dc link voltage generates the reference for d-axis current,  𝑖𝑑𝑔
∗  
according to the operating condition of the inverter. The dc link voltage vdc at the input 
of the inverter is regulated to a fixed value set by its reference 𝑣𝑑𝑐
∗ . If the losses in the 
inverter are neglected, the active power at the inverter output ac side is equal to the dc 
input power to the inverter. Thus,  
 
  dcdcdgdgg ivivP 
2
3
                  (4-55) 
The dc link voltage reference can calculated as, 
pu  53.322 1 
a
ai
dc
m
V
V   (for ma=0.8 and Vai1 = 1 pu)             (4-56) 
 
Neglecting Rf, the d- and q-axes voltages across the grid side line inductance are given 
by 
dt
di
LiLωvv
dg
fqgggdidg         (4-57) 
 
dt
di
LiLωvv
qg
fdgfgqiqg         (4-58) 
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fqgfgdidg
dg
LiLωvv
dt
di
/)(        (4-59) 
 
fdgfgqiqg
qg
LiLωvv
dt
di
/)(         (4-60) 
 
where, 
gω the speed of the synchronous reference or the angular frequency of the grid 
(rad/sec.) 
[V]  voltagesspeed induced   and  dgfgqgfg iLωiLω  
 
The equations (4-59) and (4-60) show that the derivative of d-axis and q-axis  currents 
are  related to both d-axis and q-axis variables, which means that the system  is cross-
coupled. If there is any change in q-axis variables, that will affect   the d-axis current. 
Similarly a change in d-axis variable will also affect the q-axis current. A decoupled 
current controller is necessary to solve this problem which is shown in Fig.4.30. The 
output of the de-coupled current controllers can be given by 
 
dgqgfgdgdgIPdi viLωiiSKkv  ))(/(
*                (4-61) 
qgdgfgqgqgIPqi viLωiiSKkv  ))(/(
*                (4-62) 
From equation (4-59) and (4-60), we get 
fdgdgIP
dg
LiiSKk
dt
di
/))(/( *                  (4-63) 
fqgqgIP
qg
LiiSKk
dt
di
/))(/( *                  (4-64) 
 
Equations (4-63) and (4-64) indicates that the d axis and q-axis currents are decoupled. 
The decoupled control simplify the design of PI controllers enhance the system 
performance. 
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4.6.1.4 Simulation Results and Discussions 
The grid-side inverter and its controller are implemented in Matlab/SimpowerSystems. 
The vector control of grid side inverter with decoupled current controllers of Fig.4.30 is 
implemented. There inner current control loop is to control the d-axis and q-axis current 
and outer loop is to control the dc link voltage. The sampling time used for inner and 
outer control loops are 20 µs and 100 µs, respectively.  
 
Fig.4.32 shows the performance of the grid-side inverter controllers in grid connected 
mode. Fig.4.30 (a) to (d) show DC link voltage, reactive power, d-axis current, q-axis 
current responses at different wind speeds as shown in Fig.4.20(a). It is seen that the DC 
link voltage, reactive power, d-axis and q-axis currents follow their references quite 
well under variable wind speeds. The controller is able to regulate the dc link voltage 
quite well.  Fig.4.33 shows the DC link voltage, current and power responses in grid 
connected mode at different wind speeds. 
 
Fig.4.34 shows the grid voltage, current, frequency and active power and reactive power 
injected to the grid. As the wind speed changes, the active power supplied to the grid 
also changes. There is no reactive power supplied to the grid as the reactive power 
reference is selected as zero. The grid voltage and frequency are regulated at rated 
values at different wind speeds. Fig. 4.35 shows the instantaneous grid voltage and 
current at rated condition. 
 
120 
 
 
Figure 4.32.  Performance of the grid side inverter controllers in grid connected mode. 
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Figure 4.33.  DC link voltage, current and power responses in grid connected mode. 
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Figure 4.34.  Grid voltage, current, frequency, active power and reactive power responses in grid 
connected mode. 
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Figure 4.35.   Instantaneous grid voltage and current at rated condition. 
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4.7   Control of Inverter in Stand-Alone Mode 
In stand-alone mode, the function of the load side inverter is to regulate the inverter 
output voltage and frequency as there is no grid existence. Fig.4.36 shows the control 
structure of the load side inverter in stand-alone mode which are implemented in the 
rotating reference frame. The vector control scheme with decoupled current controllers 
is used in the  rotating reference frame. The angular speed of the rotating reference 
frame is set at 𝜔 = 2𝜋𝑓  in the controller, which is the electrical frequency of the 
inverter out voltage (load voltage) and current. The outer loop is the voltage controller 
and the inner loop is the current controller. The PI controller regulates the output 
voltage by controlling the d-axis voltage to the rated value at different wind speeds and 
load transient. The PI controllers in the inner control loop control the d- and q-axis 
current. The decoupled current controllers are implemented by adding the compensation 
terms to compensate for the cross coupling due to the output filter inductance. Battery 
energy storage and dump loads are used to maintain the dc link voltage. 
 
 
Figure 4.36.  Control of load side inverter in stand-alone mode. 
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4.7.1 Simulation Results and Discussions 
The load side inverter and it’s controllers of Fig.4.36 are implemented in 
Matlab/SimPowerSystems. The sampling time for inner current and outer voltage 
control loops are 20 µs and 100 µs, respectively. 
 
Figure 4.37 shows the performance of the load side inverter controller in stand-alone 
mode. Fig.4.37(a) show the d-axis voltage and it’s reference. It is observed that the d-
axis voltage follows the reference properly and regulate the voltage at different wind 
speeds (as shown in Fig.4.20). The d- and q-axis currents are shown in Fig 4.37 (b) and 
(c) together with their references, respectively. The d- and q-axis current follow their 
references and regulate the power flow to the load. As the q-axis voltage reference is set 
to zero the q-axis current is zero.Fig.4.37 (d) shows the modulation index of the inverter 
which changes with change in wind speed and power supplied to the load. 
 
Figure 4.37.  Performance of the load side inverter controller in stand-alone mode. 
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Fig.4.38(a) to (d)  show the load voltage, load current, active power and reactive power 
responses in stand-alone mode. As shown in this figure, the load side voltage (line-line) 
is regulated at rated value and the load current changes to control the power flow to the 
load. Fig.4.39(a) and (b) show the instantaneous load voltage (phase) and current in 
stand-alone mode.Fig.4.39(c) shows that the phase voltage is in phase with phase 
current and the inverter is supplying active power at unity power factor. Fig.4.40 shows 
the rms inverter output voltage, frequency and modulation index. It is seen that the 
inverter output voltage frequency is regulated quite well. 
 
 
Figure 4.38.   Load voltage, current, active power, reactive power responses in stand-alone mode 
 
 
 
3 4 5 6 7 8 9 10
0.8
0.9
1
1.1
3 4 5 6 7 8 9 10
0.4
0.6
0.8
1
3 4 5 6 7 8 9 10
0.2
0.4
0.6
0.8
1
3 4 5 6 7 8 9 10
-0.1
0
0.1
V
L
(p
u
)
I L
(p
u
)
P
lo
a
d
(p
u
)
Q
lo
a
d
(p
u
)
Time (sec.)
(a)Load voltage 
(b) Load current 
(c) Active power to load 
(d) Reactive power to load 
127 
 
 
Figure 4.39. Instantaneous load voltage and current in stand-alone mode. 
 
 
 
 
 
 
 
 
 
 
 
 
4.3 4.32 4.34 4.36 4.38 4.4
-1
0
1
4.3 4.32 4.34 4.36 4.38 4.4
-1
0
1
4.3 4.32 4.34 4.36 4.38 4.4
-1
0
1
Time
(p
u
)
(p
u
)
&
  
(p
u
) 
   
 
(a) Invert output voltage.
(b) Invert output current.
(c) Invert output phase voltage  and current at rated condition.
Time (sec.)
128 
 
 
Figure 4.40. Inverter output rms voltage, frequency and modulation index. 
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4.8 Experimental Results  
The generator side controller with MTPA control and maximum power extraction is 
experimentally implemented. The IPM synchronous generator parameters are shown in 
Chapter 3 Table 3.3. The vector control with MTPA trajectory is implemented using 
DSpace DSP1104 board with digital signal processor. The sampling time used for the 
inner current control loop is 100 s and that of the outer speed control loop is 500 s. A 
current sensor board is built using current sensors (LA-55P) to measure currents and a 
voltage sensor board is designed to measure voltage which is required in the controller 
implementation. The generator speed is measured using incremental encoder 
Heidenhahn ROD 426 with 5000 pulses. This encoder utilises photoelectric scanning to 
precisely measure position and angular velocity of the generator rotor. Fig. 4.41 shows 
the photo for the experimental setup. The experimental set up include the following: 
 Computer 
 DSpace DS1104 DSP boards 
 DS1104 connection panel with connections for position encoder, ADC, DAC, 
PWM signals. 
 Voltage sensor board 
 Current sensor board 
 Variable speed motor drive with an induction motor  
 IPM synchronous generator 
 Load bank 
 
 To simulate the wind turbine, a variable speed motor drive is connected to the 
induction motor which is controlled by a variable speed motor drive. The variable speed 
drive is controlled using wind input signal to vary the torque/speed command to the 
induction motor. The induction motor and the IPM synchronous are coupled together 
through a shaft as shown in Fig.4.41. 
 
Figure 4.42 shows the performance of the  DSP based vector controller with MTPA 
trajectory for a wind speed variations of 7 m/s-8m/s-9 m/s-10 m/s-9 m/s- 8 m/s. 
Fig.4.42(a) shows the IPM synchronous generator speed response which is following its 
reference quite well.  As the wind speed changes, the speed controller regulates the 
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speed of the generator to extract maximum power under varying wind speeds. 
Fig.4.42(b) and (c) show the q-axis and d-axis  currents which are following their 
respective reference currents quite well under varying wind speed. Fig.4.42(d) shows 
the  torque response. It is seen that torque follows its reference. Fig.4.42(e) shows the 
generator power, which changes with wind speed. Fig. 4.43 shows the maximum power 
extraction by the wind turbine under varying wind speed. Fig. 4.44 shows the inverter 
output voltage and current at rated load. It is seen that the voltage and current are in 
phase as the generator supplying active power only. 
 
The experimental results confirm the effectiveness of the MTPA control scheme and 
show very good dynamic and steady state performance. The control scheme is able to to 
extract maximum power from the wind turbine under varying wind speeds. 
 
Figure 4.41 Experimental Set up. 
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(a) Generator speed and  reference. 
 
(c) Generator q-axis current and  reference. 
 
 
(d) Generator d-axis current and reference. 
 
 
(e) Generator torque and torque reference. 
 
      
(e) Generator power. 
Figure 4.42. Performance of the DSP based vector controller for a wind speed variation of  7 m/s-8m/s-9 
m/s-10 m/s- 9 m/s- 8 m/s. 
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Figure 4.43. Maximum power extraction under varying wind speed (Experimental Results). 
 
 
 
Figure 4.44. Inverter output voltage and current at rated load. 
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4.9 Summary 
 
The indirect control strategies for permanent magnet synchronous generator (PMSG) 
based direct drive variable speed wind turbine are presented in this chapter. Control 
strategies for the direct drive wind turbine with PMSG are reviewed. The control of 
PMSG based direct drive variable speed wind turbine using switch-mode rectifier is 
presented. Control algorithm with maximum power extraction is presented and 
simulation results are discussed. Finally, an enhanced control scheme for interior 
permanent magnet (IPM) synchronous generator is developed by incorporating 
maximum torque per ampere trajectory (MTPA) and maximum power extraction (MPE) 
algorithm with the control scheme of generator side PWM rectifier to enhance the 
system performance and efficiency. The main advantage of incorporating MTPA 
trajectory in the control scheme is that it can generate the required torque with a 
minimum stator current. Therefore, the stator loss of the IPM synchronous generator is 
minimized. The MTPA control scheme ensures maximum utilization of the stator 
current. The detail analysis of the converter and the control scheme is presented. The 
proposed control scheme is simulated in Matlab/SimpowerSystems environment and 
experimentally implemented using DSpace DS1104 digital signal processor (DSP) 
system. The simulations and experimental results confirm the effectiveness of the 
proposed control scheme and shows very good dynamic and steady state performance. 
The control scheme can perform well and is able to extract maximum/optimum power 
under varying wind speeds. However, this control scheme has some 
drawbacks/limitations which are discussed in Chapter 5, and a more advanced control 
scheme for a direct drive IPM synchronous generator based variable speed wind turbine 
is presented. 
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Chapter 5 
 
Direct Control Scheme of IPM Synchronous Generator 
Based Direct Drive Variable Speed Wind Turbine 
 
 
 
 
5.1 Overview 
The indirect control strategies using switch-mode rectifier and six switch voltage source 
converter based vector control scheme for permanent magnet synchronous generator are 
discussed in Chapter 4. Among the indirect control schemes of PMSGs, the vector 
control scheme is the most popular one. Traditional vector control scheme which is 
widely used in modern permanent magnet synchronous generator based variable speed 
wind energy conversion system in the range of kW to MW. In these wind turbines, the 
surface types PMSGs without rotor saliency are used, where the d-axis current reference 
is set to zero ( 𝑖𝑑
∗ = 0)   and q-axis current iq is controlled to control generator 
torque/speed. In chapter 4, an improved control scheme for IPM synchronous generator 
based variable speed wind turbine is developed using MTPA control and results are 
presented. In this scheme, the generator torque is controlled indirectly via current 
control. The output of the speed controller generates the d- and q-axes current 
references, which are in the rotor reference frame. The generator developed torque is 
controlled by regulating the d-axis current id and q-axis current iq according to the 
generator torque equation. The current control is executed at the rotor dq-reference 
frame, which rotates with the rotor. Therefore, coordinate transformation is involved 
and a position sensor is, thus, mandatory for the current control loop. All these tasks 
introduce delays in the system [25],[26]. This control scheme is also affected by the 
parameter variation. Moreover, the torque response under this type of control is limited 
by the time constant of stator windings [25].  
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Since the last two decades, Direct Torque Control (DTC) scheme has become popular 
for variable speed ac motor drives [85]. Direct torque control for induction motor was 
developed by Japanese and German researchers I. Takahashi and T. Noguchi (1984, 
1985) [86]-[88]; Depenbrock (1985) [27],[89]. Later on, the DTC scheme is 
implemented for permanent magnet synchronous motor based variable speed drive 
applications [85], [91]-[93]. Recently, the direct control scheme is also applied to 
induction generator based variable speed wind turbine applications [28]-[30], 94. 
However, much attention has not been paid to the application of direct control scheme 
for permanent synchronous generator based variable speed wind turbine.  
 
In this Chapter, the direct control scheme is implemented for an IPM synchronous 
generator based variable speed wind turbine to overcome the problems associated with 
the traditional indirect vector control scheme. In this scheme, the generator torque and 
flux linkage are controlled directly and independently by the selection of optimum 
inverter switching modes. Since all the calculations in direct control scheme are done in 
the stator reference frame, there no need for coordinate transformations and the 
requirement of continuous rotor position is eliminated. The direct control scheme has 
several advantages compared to the traditional vector control scheme. These are: 
 simpler control method 
 no requirement for coordinate transformation 
 lesser parameter dependence 
 absence of several controllers  
 
The proposed control scheme is implemented in Matlab/SimPowerSystems and results 
show that the controller can regulate the generator speed extract maximum power under 
constant and varying wind speed. 
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5.2  The Proposed Direct Control Scheme for IPM Synchronous 
Generator Based Variable Speed Wind Turbine 
 
5.2.1  The Concept of Direct Torque and Flux Control of IPM Synchronous 
Generator 
In an indirect vector control scheme, the IPM synchronous generator torque is 
controlled by controlling the d- and q-axis current. Therefore, the generator torque is 
controlled indirectly by controlling d- and q-axes current in the rotor reference frame. 
As the calculations are done in the rotor reference frame, a coordinate transformation is 
necessary in this scheme. This scheme is affected by generator parameter variations and 
introduces delay in the control system. 
 
In a direct torque and flux control scheme (DTFC) of IPM synchronous generator 
torque and flux are controlled directly and independently without using d- and q- axes 
current controllers. The torque and flux are controlled using two hysteresis controllers 
and by selecting optimum converter switching modes as shown in Fig.5.1.  The 
selection rule is made to restrict the torque and flux linkage errors within the respective 
torque and flux hysteresis bands to achieve the desired torque response and flux linkage 
[76],[92], [93], [95]. The required switching voltage vectors can be selected by using a 
switching-voltage vector look-up table as shown in Table 5.1  [92]. The selection of the 
voltage space vectors can be determined by the position of the stator flux linkage vector 
and the outputs of the two hysteresis comparators.  The hysteresis control blocks 
compare the torque and flux references with estimated torque and flux, respectively. 
When estimated torque/flux drops below its differential hysteresis limit, the torque/flux 
status output goes high. When estimated torque/flux rises above differential hysteresis 
limit, the torque/flux output goes low. The differential limits, switching points for both 
torque and flux are determined by the hysteresis bandwidth [92],[95]. The appropriate 
stator voltage vector can be selected using the switching logic to satisfy both the torque 
and flux status outputs. There are six voltage vectors and two zero-voltage vectors that a 
voltage source converter can produce. The combination of the hysteresis control block 
(torque and flux comparators) and the switching logic block replaces the need for a 
traditional PWM modulator. 
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Figure 5.1 Proposed DTFC scheme of IPM synchronous generator. 
 
 
5.2.2  Analysis of Direct Torque and Flux Control Scheme of IPM Synchronous 
Generator[76] 
 
The relationship among stator flux (xy) reference, rotor flux (dq) reference, and 
stationary (DQ) reference frames are shown in Fig.5.2. The optimal switching logic of 
DTFC scheme is based on the spatial relationship of start flux, current, voltage and rotor 
flux linkage. If the stator resistance is neglected, the angle between the stator and rotor 
flux linkages  becomes the power angle. In the steady state,  is constant 
corresponding to a load torque and both stator and rotor fluxes rotate at the synchronous 
speed. In transient operation,  varies and the stator and rotor fluxes rotate at   different  
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Figure 5.2 The stator and rotor flux linkages in different reference frames. 
 
speeds. The magnitude of stator flux is normally kept as constant as possible, and torque 
is controlled by varying the angle , between the stator flux vector and the rotor flux 
vector [92]. 
In DTFC scheme, the stator flux linkage is estimated by integrating the difference 
between the input voltage and the voltage drop across the stator resistance as given by, 
  dtRivλ sDDD )(          (5-1) 
  dtRivλ sQQQ )(          (5-2)  
In the stationary reference frame, the stator flux linkage phasor is given by 
2
Q
2
D λλ sλ          (5-3) 
and   
 DQs λλθ 1tan          (5-4)  
The electromagnetic torque is given by, 
)(
2
3
DQQDg iλiλPT              (5-5) 
The torque equation in terms of   and generator parameters is given by [92], 
  δLLLλ
LL
P
T dqqM
qd
g 2sin)(sin2
4
3
 s
s
λ
λ
           (5-6) 
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Table 5.1.  Switching Table for DTFC 
 
 θ θ1 θ2 θ3 θ4 θ5 θ6 
λ τ       
λ=1 
τ =1 V2(110) V3(010) V4(011) V5(001) V6(101) V1(100) 
τ =0 V6(101) V1(100) V2(110) V3(010) V4(011) V5(001) 
λ =0 
τ =1 V3(010) V4(011) V5(001) V6(101) V1(100) V2(110) 
τ =0 V5(001) V6(101) V1(100) V2(110) V3(010) V4(011) 
 
 
5.2.2.1 Control of Stator Flux Linkage by Selecting Proper Stator Voltage 
Vector 
The stator voltage vector vs for a three phase machine with balanced sinusoidally 
distributed stator windings is defined by the following equation, 
  3/43/2
3
2  j
c
j
ba evevv sv        (5-7) 
where, the phase “a” axis is taken as the reference position, va, vb, vc are the 
instantaneous values of line to neutral voltages. In Fig.5.3, the ideal bidirectional 
switches represent the power switches with their antiparallel diodes. The primary 
voltages, va, vb, vc  are determined by the status of these three switches (Sa, Sb, Sc). 
Therefore, there are six non-zero voltage vectors, V1(100), V2(110),……, and V6(101), 
and two zero voltage vectors, V7(000) and V8(111). The six non-zero voltage vectors are 
60
0
 apart from each other as in Fig.5.4. These eight voltage vectors can be expressed as, 
  3/43/2),,(  jcjbaDcba eSeSSVSSS sv     (5-8)  
where, VD =2/3 VDC  and VDC = DC link voltage. 
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(a)  A rectifier connected to IPM synchronous generator. 
 
 
(b) Switching modes 
 
 
Figure 5.3.  A rectifier connected to IPM synchronous generator and switching modes. 
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5.2.2.2   Control of Amplitude of Stator Flux Linkage 
The stator flux linkage in the stationary reference frame can be given as, 
 dtRs )(  sss ivλ                                          (5-9) 
Equation (5-9) can be written as, 
 dtRt s  sss ivλ                                                      (5-10)        
Equation (5-10) implies that the tip of the stator flux linkage vector, s, will move in the 
direction of the applied voltage vector if the stator resistance is neglected as shown in 
Fig.5.4. By how far the tip of the stator flux linkage will move is determined by the 
duration of time for which the stator vector is applied. In Fig.5.5, the voltage vector 
plane is divided into six regions, 1 to 6 to select the voltage vectors for controlling the 
amplitude of the stator flux linkage. In each region, two adjacent voltage vectors are 
selected to keep the switching frequency minimum. Two voltages may be selected to 
increase or decrease the amplitude of s. For instance, voltage vectors V2 and V3 are 
selected to increase or decrease the amplitude of s respectively, when s is in region 1 
and the stator flux vector is rotating in counter clockwise direction. 
 
In this way, the amplitude of s can be controlled at the required value by selecting the 
proper voltage vectors. How the voltage vectors are selected for keeping s within a 
hysteresis band is shown in Fig.5.5 for a counter clockwise direction of s. The 
hysteresis band here is the difference in radii of the two circles in Fig.8. To reverse the 
rotational direction of s, voltage vectors in the opposite direction should be selected. 
For example, when s is in region 1 and is rotating in the clockwise direction, the 
voltage vectors pair, V5 and V6, are selected to reverse the rotation of s [92],[95], [76]. 
 
5.2.2.3 Control of Rotation of s  
The effect of two non-zero voltage vectors, V7 and V8, is more complicated. It is seen 
from equation (5-10) that s will stay at its original position when zero voltage vectors 
are applied. This is true for induction machine since the stator flux linkage is uniquely 
determined by the stator voltage, where the rotor voltages are always zero. In the case of 
an IPM synchronous generator, s will change even when the zero voltage vectors are 
applied since magnet flux M continues to be supplied by the rotor and it will rotate with 
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the rotor. In other words, s should always be in motion with respect to the rotor flux 
linkage. Therefore, zero voltage vectors are not used for controlling s in IPM 
synchronous machine [92], [95]. 
 
The electromagnetic torque is controlled by controlling the direction of rotation of s 
according to the torque equation (5-6). For counter clockwise operation, if the actual 
torque is smaller than the reference value, the voltage vectors which keep s rotating in 
the same direction are selected. The angle  increases as fast as it can and the actual 
torque increases as well. Once the actual torque is greater than the reference value, the 
voltage vectors which keep s rotating in the reverse direction are selected instead of the 
zero voltage vectors. The angle  decreases and torque decreases too. By selecting the 
voltage vectors in this way, s is rotated all the time and its rotational   direction is 
determined   by   the   output   of the hysteresis controller for the torque [92], [95]. The 
six-vector switching table for controlling both the amplitude and rotating direction of s 
is as shown in Table 5.1 [92], and is used for both directions of operations. In Table 5.1, 
 and  are the outputs of the hysteresis controllers for flux linkage and torque, 
respectively. If  = 1, then the actual flux linkage is smaller than the reference value. 
The same is true for the torque. 1 to 6 are the region numbers for the stator flux 
linkage positions. 
 
 
V1(100) 
st=0 
V3(010)  
s 
V2(110) V3(010) 
V7(000) 
V8(111) 
V4(011) 
V5(001) V6(101)  
 
Figure 5.4.  Available stator voltage vectors. 
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Figure 5.5.  The control of the amplitude of stator flux linkage. 
 
5.3 Implementation of DTFC Scheme for IPM Synchronous 
Generator Based Variable Speed Wind Turbine  
 
 The direct control scheme for IPM synchronous generator is shown in Fig.5.1, where 
the switching scheme used is as in Table 5.1. The three-phase variables are transformed 
into stationary DQ-axes variables. As shown in Fig.5.1 torque error and flux error are 
the inputs to the flux hysteresis comparator and torque hysteresis comparator, 
respectively. The outputs of the hysteresis comparators (,) are inputs to the voltage-
switching selection look-up table. As shown in Fig.5.1, this scheme is not dependent on 
generator parameters except the stator resistance. Moreover, all calculations are in the 
stator DQ-reference frame and without any co-ordinate transformation [76]. 
 
The DQ-axes flux linkage components D(k) and Q(k), at the k-th sampling instant can be 
calculated as, 
 
  
1)D(kkDskDsD(k)
λiRvTλ


)()1(
                
(5-11) 
 
  1)Q(kkQskQsQ(k) λiRvTλ   )()1(                  (5-12)
        
 
where, Ts is the sampling time and the variables with subscript k are their values at the   
k-th sampling instant and variables with k-1 are the previous samples. The DQ-axes 
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currents can be obtained from the measured three-phase currents and the DQ-axes 
voltages are calculated from the measured DC-link voltage. Table 5.2 shows vD and vQ 
axes voltages for the applied voltage vectors [92]. 
 
 The amplitude of the stator flux linkage is calculated from 
           
(k)D(k)Qs
2
Q(k)
2
D(k)(k)s
λλθ     λλλ /tanand 1                                    (5-13) 
 The developed torque is calculated from 
         
D(k)Q(k)Q(k)D(k)(k)g
iλiλPT 
2
3                                        (5-14) 
     
The generator developed torque, in terms of the stator and rotor flux linkage amplitudes 
is also given by 
          )(2sin)(sin2
4
3
)(
)(
)( (k)dqks(k)qM
qd
ks
kg
δLLλδLλ
LL
λP
T                                    (5-15) 
Table 5.2: DQ-axes voltages (VD = 2/3 VDC) [76] 
 V1 V2 V3 V4 V5 V6 
vD VD 0.5 VD -0.5 VD -VD -0.5VD 0.5 VD 
vQ 0 0.886 VD 0.886 VD 0 -0.886 VD -0.886 VD 
 
 
5.4 Control of Grid Side Voltage Source Inverter with Decoupled 
Vector Control Scheme 
 
Fig.5.6 shows the vector control scheme for the grid side voltage source inverter to 
control the active and reactive power flow to the grid. The analysis of the control 
scheme is discussed in Section 6.4 of Chapter 4. The control scheme includes: 
 Two inner current control loops which control the d- and q-axes current in the 
rotating reference frame. 
 The outer control loops control the DC link voltage and reactive power. The 
outer loops regulate the active/reactive power flow to the grid by control d- and 
q-axes currents. 
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5.5 Results and Discussions 
The direct torque and flux control scheme as shown in Fig.5.1 for a grid connected 
direct drive variable speed wind turbine with  IPM synchronous generator is 
implemented in Matlab/SimPowerSystems. The IPM synchronous generator parameters 
are shown in Table 3.3 in Chapter 3. The switching table for the DTFC scheme is 
shown in Table 5.1. The bandwidths of torque and flux hysteresis controllers are 10% of 
their rated values. A smaller hysteresis bandwidth is used to reduce ripples in torque of 
the generator. The sampling times for the torque and speed control loops are 20µs and 
100 µs, respectively. The decoupled vector control scheme for the grid side voltage 
control scheme as shown in Fig.5.6 is also implemented in Matlab/SimPowerSystems. 
The sampling times for the inner current control loops and outer control loops are 20 µs 
and 100 µs, respectively. 
 
 
 
Figure 5.6.  Control of grid side voltage source inverter with decoupled vector control scheme. 
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5.5.1 Performance of the Generator Side Direct Torque and Flux Controller 
 
Fig.5.7 shows the performance of DTFC scheme with an IPM synchronous generator 
based variable speed wind turbine. Fig.5.7(a) to Fig 5.71(e) show the wind speed,  
generator speed response, torque response, flux linkage response and generator power, 
respectively. Fig.5.7(b) shows the IPM synchronous generator speed response an dits 
reference. The measured speed follows the reference speed quite well and the speed 
controller regulates the generator speed under variable wind speeds. It is seen in 
Fig.5.7(c) and 5.7(d) that the torque and flux linkages follow following their respective 
references and regulate the torque and flux of the generator at varying wind speeds. 
Fig.5.8 shows the locus of stator flux linkage which is a circle as expected. 
 
 
Figure 5.7. The performance of DTFC scheme of IPM synchronous generator based variable speed 
wind turbine under varying wind speed. 
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Fig. 5.9 show the maximum power extraction at different wind speeds direct torque and 
flux control scheme. It is observed that the measured power can track the optimum 
power curve quite well and extract maximum power at different wind speeds.  
 
 
 
Figure 5.8.  Locus of the stator flux linkage of IPM synchronous generator. 
 
 
 
 
Figure 5.9. Maximum power extraction from an IPM synchronous generator based variable speed wind 
turbine 
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It is observed that the direct torque and flux control scheme shows similar performance 
to that of indirect vector control scheme as shown in Chapter 4. However, the control 
structure is simple and there is no rotor position is required with DTFC scheme as all 
the calculations are done in stator reference frame. In indirect vector control, the rotor   
position is required as all the calculations are done in the rotor reference frame. The 
direct control scheme possesses several advantages compared to indirect vector control 
scheme such as lesser parameter dependence, torque   and    flux    control without rotor 
position and PI controller which reduce the associated delay in the controllers. 
However, the torque ripple in DTFC scheme is higher than the indirect vector control 
scheme. Some methods to minimize the torque/speed ripples in IPM machines have 
been proposed in literature, which need to be considered in future research.  
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5.5.2  Performance of the Decoupled Vector Control Scheme of the Grid Side 
Inverter  
Fig.5.10 shows the performance of the decoupled vector control scheme for the grid 
side inverter under varying wind speed as shown in Fig.5.7(a).   Fig.5.10 (a) to (d) show 
the dc link voltage, d-axis current, q-axis current and reactive power responses together 
with their respective references. It is observed that dc link voltage, d-axis current, q-axis 
current and reactive power follow their references quite well under varying wind speed. 
Fig.5.11 shows the grid voltage, grid current, active power, reactive power and 
frequency responses.  The grid side converter controllers show very good dynamic and 
steady state performance under varying wind speeds. 
 
Figure 5.10 Performance of the grid side decoupled vector controller for the voltage source inverter under 
varying wind speeds. 
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Figure 5.11.  Grid voltage, current, active power, reactive power and frequency responses under varying 
wind speed. 
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5.6   Summary 
 
Direct torque and flux control scheme for IPM synchronous generator based variable 
speed wind turbine is presented in this chapter. The proposed control scheme is 
implemented in Matlab/SimpowerSystems. In this control scheme, no rotor position is 
required as all the calculations are done in stator reference frame. The proposed DTFC 
scheme possesses several advantages compared with indirect vector control scheme 
such as; (i) lesser parameter dependence; (ii) torque and flux control without rotor 
position and PI controller which reduce the associated delay in the controllers, and (iii) 
sensorless operation without mechanical sensor. Results show that the DTFC scheme 
can operate under varying wind speeds can extract maximum power. The decoupled 
vector control scheme for the control of grid side voltage source inverter is also 
implemented in  Matlab/SimpowerSystems. The grid side converter controllers can 
control the dc-link voltage, d-axis, current, q-axis current and reactive power quite well 
and show very good dynamic and steady state performance under varying wind speeds. 
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Chapter 6 
 
Dynamic Performance Enhancement of a Grid Connected 
Wind Farm with STATCOM and Supercapacitor Energy 
Storage 
 
 
 
6.1 Overview 
Recent development in variable speed wind turbine generator technologies, associated 
power electronics and digital signal processors (DSPs) enables the rapid increase in 
global wind energy capacity and wind energy penetration to power grid is increasing 
dramatically. Due to the intermittent nature of wind power, the replacement of 
traditional synchronous generators (which provide the ancillary services) with power 
electronic converter-based wind energy systems will introduce several challenges [43], 
[96], [97]. Therefore, a better understanding of the technology involved with the grid 
integration of the variable speed wind turbines and possible impacts of large scale wind 
integration to the power grid is mandatory to ensure sustainability, reliability and 
security of the future power system [96]. In the past, wind power penetration to the 
power grid was low and it was not a major concern.  With the increased penetration 
level of wind energy to the power grid, it has become necessary to address problems 
associated the stability, reliability and security of the power system. Dynamic voltage 
stability and low voltage ride through (LVRT) or fault ride through (FRT) capability are 
the basic requirement for the wind firm in many countries. The  transmission system 
operators (TSOs) requires that wind farms remain connected in case of faults at major 
transmission levels leading to a voltage depression. These faults can lead to loss of wind 
generation if wind farms do not have the low voltage ride through capability [43]. Wind 
farms should have the capability to continue uninterrupted power supply under any 
disturbances and follow the grid code requirements. 
Dynamic voltage stability and fault ride through are the important issues among the 
challenges for grid connected wind firms with large penetration level. The challenges 
154 
 
and issue associated with the wind energy integration can be eliminated or minimized 
by integrating energy storage (such as supercapacitor, batteries) in a wind farm [43].   
This storage system can be used to enhance LVRT capability of wind firm and to 
improve dynamic voltage stability.  
 
There are different techniques available to enhance LVRT capability of PMSG wind 
firm during voltage dips. Among them, control of blade pitch angle, control of 
converter, use of active crow bar, use of DC energy storage and use of FACTS devices 
such as static var compensator (SVC) and static synchronous compensator 
(STATCOM). 
In this chapter, issues and impacts associated with the wind integration into the grid are 
discussed. The application of static synchronous compensator (STATCOM) with 
supercapacitor energy storage is investigated to enhance the dynamic performance of a 
grid connected wind firm. The vector control scheme discussed in Chapter 3 is used for 
generator side converter and grid side converter. The control strategy for the 
STATCOM with supercapacitor energy storage is developed to enhance the dynamic 
voltage stability of the wind firm.  The main motivation for using choosing STATCOM 
is its ability to provide voltage support either by supplying and/or absorbing reactive 
power into the power grid. Simulation model and associated controllers have been 
implemented in Matlab/SimpowerSystem and results are discussed. 
 
6.2 Issues and Impacts of Wind Energy Integration into the Grid 
The integration of wind generation into the grid wind power can introduce many 
technical challenges and issues though it has many advantages over other renewable 
based source. These problems become more pronounced as the penetration level of 
wind increases [98], [99]. The challenges and issues associated with the wind 
generation and integration to the grid are [43], [98]-[113]: 
 
 intermittency of wind 
 system inertia and frequency regulation 
 ramping due to wind speed fluctuations 
 power quality requirement for grid integration 
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 dynamic voltage stability 
 bi-directional power control,  
 tight voltage and frequency regulation,  
 stabilization of power flow,  
 low voltage fault ride through capability 
  changing power system dynamics,  
 satisfy new grid code requirement,  
 system security, reliability and  stability 
 new safety and protection requirements 
 
6.3 Grid Code and Interconnection Requirements 
6.3.1  Low Voltage Ride Through or Fault Ride Through Capability of Wind 
Turbines[43] 
Low voltage ride through capability is the ability of wind turbine to remain connected to 
the grid under fault without loss of generation. The factors which can effect LVRT are; 
fault type and location, fault clearance time, level of the voltage sag, grid size, active 
reactive power demand after fault clearance,  system load etc. [113]. In a traditional 
power system, the factors influence LVRT are generator inertia, reactance,  active and 
reactive power balance, excitation system and AVR [113]. As the penetration level of 
wind is increasing, utility companies are required to make sure that the power system 
operate properly and maintain system stability under any external disturbances. Utility 
operators of many countries have introduced new  grid-code requirement for wind farm 
connection. Examples include are Spain, Denmark, Germany and Brazil [44], [113].  
Fig.6.1 shows the fault ride through requirement of several countries [44]. The grid-
codes define the wind farm operation boundary. These grid-codes are important for 
wind turbine manufacturers, developers and utility companies. The fault ride through 
capability is regarded as the main challenge to the wind turbine manufacturer among the 
grid-code requirement [44],[113]. 
 
In Australia, a wind plant must have low voltage ride through capability down to 0% of 
the rated line voltage for 220 ms for 220 kV connection and 120 ms for 250 kV 
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connection. It means a wind plant must be able to operate continuously for 120ms for 
220kV line and 220 ms for 250 kV line at 0% of the rated line voltage, measured at the 
high voltage side of the wind plant sub-station transformer [114].  
 
 
 
 
 
(a) 
 
 
 
 
 
 
(b) 
 
Figure 6.1.  Fault ride through requirement for some countries. 
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Figure 6.2. Fault ride through requirement for Australia. 
 
Fig.6.2 shows the fault ride through requirement of Australia for 100kV and 250kV 
wind power plants [43], [114].  
 
6.3.2 Active Power Control 
The active power control of a generator in the electricity network is of fundamental 
demand to the Transmission System Operators (TSOs) to maintain the supply-demand 
balance as well as maintain system frequency within acceptable limits in order to 
control network flows and manage congestion [114]. As large capacity wind power 
plants are connected to the grid in many regions, the active power control is necessary 
for the wind farms according to TSO demands [114]. 
 
6.3.3 Reactive Power Control 
In the past most of the wind turbine generators were induction generators, which 
absorbs reactive power from the grid even during normal operation. So an effective 
reactive power management is essential to maintain the low voltage issues. Nowadays 
the wind farms are installed with the variable speed type fitted with Dual Feed 
Induction Generators (DFIGs), Permanent Magnet Synchronous Generators (PMSGs). 
DFIGs operate at close to unity power factor (PF) and may supply some reactive power 
during grid disturbances. PMSGs operate at unity PF and supply some reactive power 
during grid disturbances. Due to the increasing penetration level of wind power into the 
grid wind farm must provide the reactive power exchange with the grid according to 
TSO demands [114].  
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Fig.6.3  shows wind farms 10 sec averaged the reactive power exchange with the 
Danish grid [115]. When the wind turbine delivers the rated active power (1 pu) to the 
grid, it should be able to produce a maximum reactive power of +0.1 pu to support the 
grid voltage. When the wind turbine delivers no active power (0 pu) to the grid, it 
should be able to consume no more than -0.1 pu of reactive power  [115].  
 
Fig.6.4 shows one of the three possible variants of German TSO’s reactive power 
demand from wind power plant as a function of the voltage at nominal active power 
[115]. Depending on location and strength of the grid, three variants were introduced by 
the German TSO’s. When the 110kV wind turbine delivers the nominal active power to 
the grid, if grid voltage drops to 96kV, it should be able to produce a maximum reactive 
power of +0.33 pu to +0.48 pu to support the grid voltage. If grid voltage increases 
to127kV, WPP will be able to consume no more than -0.228 pu of reactive power. 
 
Fig.6.5 shows one of the three possible variants of German TSO’s reactive power 
demand from wind power plant as function of the active power for the cases when the 
WPP is working at de-rated power for different ranges of voltages inside the normal 
operation range [115]. The x-axis represents the reactive power which should be 
supported in relation to the operational installed active power in percentage. The y-axis 
represents the instantaneous active power in relation to the available installed active 
power in percentage. 
 
 
Figure 6.3 Danish TSO’s reactive power demand for wind power plants during normal operation [115]. 
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Figure 6.4 German TSO’s reactive power demand for wind power plants as function of the voltage at 
nominal active power [115]. 
  
 
Figure 6.5.  German TSO’s reactive power requirement for wind power plants plant as function of the 
active power when the WPP is working at de-rated power [115]. 
 
6.4 Supercapacitor Energy Storage 
Grid integration of variable wind power is confronted with several challenges. Energy 
storage such can play an important role to enhance the voltage stability and LVRT 
capability of the wind firm. There are several energy storage technologies available for 
wind turbine applications such as battery, supercapacitor (SC), flywheel, and their 
hybrid combinations [116]-[119]. A STATCOM with supercapacitor energy storage is 
the most promising solution to solve the problems associated with grid integration of 
wind firm. 
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6.4.1 Construction and Features of  Supercapacitor  
Supercapacitor formerly known as electric double layer capacitor or ultracapacitor is an 
electrochemical capacitor [120]. Supercapacitors do not have a conventional solid 
dielectric like dielectric capacitors. Each supercapacitor cell has multiple electric double 
layers which consist of a porous electric insulator and electrodes on either side [121]. 
The cells are tightly packed together and immersed in an electrolyte as shown in Fig.6.6 
[120].  The capacitance value of an electrochemical capacitor is determined by two 
storage principles, which both contribute indivisibly to the total capacitance [120];  
 Double-layer capacitance – Electrostatic storage achieved by separation of 
charge in a Helmholtz double layer at the interface between the surface of a 
conductive electrode and an electrolyte [120]. The separation of charge is of the 
order of a few angstroms (0.3–0.8 nm), much smaller than in a conventional 
capacitor [120]  
 Pseudocapacitance – Faradaic electrochemical storage with electron charge-
transfer, achieved by redox reactions, intercalation or electrosorption [120].  
Supercapacitor consists of two electrodes separated by an ion permeable membrane 
(separator), and an electrolyte connecting electrically the both electrodes. As shown in 
Fig.6.6(b), an electric double layer at both electrodes is formed by applying a voltage to 
the capacitor, which has a positive or negative layer of ions deposited in a mirror image 
on the opposite electrode [120]. 
The capacitance of the supercapacitor is given by [120]; 
d
A
C

                    (6-1) 
where,  - permittivity, A-Surface area,  d- distance between plates.  
 
The capacitance is highest in capacitors made from materials with a high permittivity, 
large electrode plate surface areas  and reciprocal to the distance  between plates [120]. 
The two electrodes form a series circuit of two individual capacitors C1 and C2. The 
total capacitance is given by [120]; 
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CC
CC
CT


                                       (6-2) 
 
 (a) Structure of an ideal supercapacitor. 
 
(b) Function of an ideal supercapacitor. 
Figure 6.6.  Construction and function of a supercapacitor [120]. 
The value of a supercapacitor can be in the order of thousands of times greater than an  
electrolytic capacitor. Larger super-capacitors have capacities up to 5000 farads [116]. 
The highest energy density in production is 30 Wh/kg, below rapid-charging Lithium-
titanate batteries [117]. Due to the high permeability and close proximity of the 
electrodes, SCs have a low-voltage-withstand capability (typically 2–3 V) [118],[119]. 
Supercapacitors store energy by physically separating unlike charges. This has profound 
implications on cycle life, efficiency, energy, and power density. SCs have a long cycle 
life due to the fact that there are no chemical changes on the electrodes ideally in normal 
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operation [43]. SCs have superior efficiency. It is only a function of the ohmic 
resistance of the conducting path. SCs also provide exceptional power density, since the 
charges are physically stored on the electrodes [43]. Conversely, energy density is low 
since the electrons are not bound by chemical reactions. This lack of chemical bonding 
also implies that the SCs can be completely discharged, leading to larger voltage swings 
as a function of the state of charge [43], [118],[119].  
Supercapacitors store energy by accumulating opposite charges on the electrodes [120] 
without involving chemical reaction. Therefore, they are faster and durable then the 
electrochemical energy storage such as batteries [122].  Supercapacitors have highest 
energy density among capacitors. They support up to 10,000 F/1.2 volt and up to 10,000 
times that of electrolytic capacitors [120].  
The supercapacitor contains a higher power density than the battery, which allows the 
supercapacitor to provide more power over a short period of time which is vital in wind 
energy applications [43]. For a corresponding high-efficiency discharge, batteries would 
have a much lower power capability. Conversely, the battery has a higher energy 
density to store more energy and release that over a longer period of time [43]. The 
supercapacitor has lower energy density than the battery and able to store far less 
amount of energy than a battery [118], [119]. 
Table 6.1 summarizes the characteristic parameters of different energy storage 
technologies [43], [119]. 
Table 6.1: Comparison of Energy Storage Systems 
 Energy 
density 
(Wh/Kg) 
Power 
(W/Kg) 
Charge-
Discharge 
efficiency 
Self dis- 
Charge, 
(%/month) 
Durability 
Cycle 
Time 
Durability 
(Yrs) 
Battery 30-200 150-3000 65-100% 3-30% 500-1K 2-10 
Flywheel 100-130 1000 90% - >20K >20 
PHS 0.3 - 75% Negligible - >75 
SMES 30 Very High 95% Negligible - - 
CAES 10-30 - 50% Negligible - >40 
Super 
capacitor 
Low Very High 93% Negligible 10K-100K - 
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6.4.2 Supercapacitor Model 
There are various models for supercapacitors. Depending on the type of application,  
more or less detail may be required.  Fig.6.7 shows a supercapacitor model which 
contains inductance Lsc, equivalent series resistance, Rsc and  capacitance Csc. This first-
order supercapacitor model is a series RLC circuit, which is frequency, temperature, and 
voltage dependent in very accurate model as shown in Fig. 6.7 [123], [124]. This 
modelling is valid over the entire frequency spectrum, where the frequency-dependent 
part of the model is given by [124]: 
 
𝑍𝑝(𝑗𝜔, 𝑉𝑠𝑐) =  
𝜏(𝑉𝑠𝑐) coth(√𝑗𝜔𝜏(𝑉𝑠𝑐))
𝐶(𝑉𝑠𝑐)√𝑗𝜔𝜏(𝑉𝑠𝑐)
                        (6-3) 
 
where, Vsc is the voltage across the capacitor which has a DC capacitance of Csc and τ is 
the  time constant. 
Supercapacitors operate in a frequency range well below its self-resonant frequency in 
wind turbine applications. Therefore, the inductance is normally ignored. A constant 
capacitance and equivalent series resistance (ESR) model gives enough accuracy [124]. 
 
 
 
 
Figure 6.7.  Supercapacitor model. 
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6.5 Reactive Power Compensation Techniques 
The power system equipment and loads are rated for a specified voltage with acceptable 
band of voltage variations.   Therefore, the grid voltage and reactive power are required 
to be controlled for efficient, stable and reliable operation of the power system. The 
problem of maintaining voltage within the required limits is complicated by the fact that 
the power system supplies power to a number of loads and is fed from many generating 
units [125]. Therefore, reactive power requirement varies with system disturbance, 
variations in load and generation and system faults. Since reactive power cannot be 
transmitted over long distance, voltage control has to be effected by using special 
devices dispersed throughout the system [125].  
 
Dynamic stability is one of the main issues associated with the grid integration of wind 
farm. Limited reactive power support from the wind farms to meet LVRT requirements 
during grid disturbances is lower than that of the grid code requirements. Hence, 
additional reactive power compensating equipment such as Flexible AC Transmission 
System (FACTS) is needed to maintain system stability as fast as possible after the fault 
is cleared and thus the wind farms could remain connected to the power system without 
stability risks.  The FACTS devices are widely used in power system as well as wind 
power application for stabilization of weak system voltage, to reduce transmission 
losses, to enhance transmission capacity, power oscillation damping, improving power 
factor, harmonics reduction and flicker mitigation. There are two categories of FACTS 
devices, one is thyristor based and another one voltage source converter (VSC) based. 
VSC based FACTS devices response time is much faster and bigger range of control 
than that of thyristor based [115], [126]. 
 
There are different types of reactive power compensation devices. The early generation 
of reactive power compensation devices uses thyristor switches and newer generation 
focuses on using voltage source converter (VSC). All the reactive power compensation 
devices provide similar services. However, the VSC technology is much faster and has a 
bigger range of control [127]. The Reactive power compensation devices can be divided 
in three groups as follows: 
 Mechanical switch devices : fixed shunt reactor or capacitor, mechanical swiched 
shunt reactor or capacitor 
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 Thyristor based SVC devices :  Thyristor switched reactor (TSR) or thyristor 
controlled reactor (TCR), Thyristor switched capacitor (TSC)  
 Converter based devices :  static synchronous compensator (STATCOM), static 
synchronous series compensator (SSSC), Unified power flow controller (UPFC) 
 
There are various  way to categorize the FACTS controllers is to group them in a way 
that they are connected to the power system such as shunt, series or shunt-series 
connection.  In this thesis, FACTS device suitable for Wind turbine application are 
considered.  
 
6.5.1 Static Var Compensator (SVC) 
SVCs have the largest market share among the FACTS devices. They uses thyristor 
switches together with capacitor or inductor. They have fast voltage control capability 
and require more complex controller than the mechanical switch based devices. They 
are shun connected compensator and capable of supplying and absorbing reactive 
power. They can maintain the voltage stability of the power system by controlling the 
current of reactive element (capacitor or inductor) [115]. 
 
The configurations of SVCs are shown in Fig.6.8, which shows TCR/TSR, TSC and 
their combination. The TCR uses firing angle control to continuously increase/decrease 
the inductive current whereas in the TSR the inductors connected are switched in and 
out stepwise, thus with no continuous control of firing angle [115]. Usually SVC’s are 
connected to the transmission lines, thus having high voltage ratings. Therefore the 
SVC systems have a modular design with more thyristor valves connected in series/ 
parallel for extended voltage level capability [115]. 
 
Fig.6.8 (a) shows the TCR which is controlled continuously to increase or decrease the 
inductive current. TSR is used to switch in or out the reactor without continuous control 
of firing angle. Fig.6.8 (b) shows TSC which is used to switch in or out the capacitor 
without continuous control of firing angle. To provide the needed reactive power 
generation/consumption in the network SVC’s (TCR and TSC) adjust the conduction 
periods of each thyristor valve.  When the thyristor switch is connected to the inductor, 
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reactive power is absorbed.  Reactive power is generated when the thyristor switch is 
connected to the capacitor.  
 
The voltage-current (V-I) characteristic of an SVC with the two operating zones is 
shown in Fig. 6.8(d) [115]. A slope around the nominal voltage is also indicated on the 
V-I characteristic [115]. During normal operation any voltage deviation is compensated 
by either the capacitive or inductive currents As the bus voltage drops, so does the 
current injection capability. This linear dependence is a significant drawback in case of 
grid faults, when large amount of capacitive current is needed to bring back the bus 
nominal voltage [115].  SVCs with thyristor switches are becoming obsolete due to their 
slow time responses and low dynamic performance.  STATCOM is a better replacement 
option to overcome the drawbacks of SVCs. 
 
(a) TCR/TSR                  (b)  TSC                             (c) TCR/TSR with TSC 
 
(d) V-I characteristic of SVC 
Figure 6.8.  Static Var Compensator (SVC) and its V-I characteristic [115]. 
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6.5.2 Static Synchronous Compensator (STATCOM)  
An alternative way to enhance the dynamic stability of wind firm is to use STATCOM 
to absorb or deliver reactive power to the grid during various disturbances. The 
characteristic of STATCOM is similar to that of a synchronous condenser. However, it 
has no inertia. STATCOM is one of the advanced FACTS devices which can be used to 
control voltage and reactive power for a stable power system operation. The main 
features of STACOM are [127]: 
o lower investment cost, 
o lower operating and maintenance costs and better dynamics are big advantages 
of this technology 
o compact size 
o wide range of operating conditions for voltage regulation and stabilization. 
o high reliability, and  
o flexibility 
 
Fig.6.9 shows the schematic of the STATCOM and its V-I characteristics [115]. The 
STATCOM is consists of VSC with a capacitor in its DC side of the converter. AC side 
of the VSC is connected to the point of common coupling via transformer. Gate Turn-
Off (GTO), Integrated Gate Commutated Thyristor (IGCT) or Insulated Gate Bipolar 
Transistor (IGBT) based VSCs are used in a STATCOM. 
 
The reactive power output of the STATCOM Qsh  is controllable. Reactive power Qsh  is 
proportional to the magnitude of voltage difference Vs-V and is given by 
s
s
sh
X
VVV
Q
)( 
         (6-4) 
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(a) STATCOM.                                                    (b) STATCOM V-I characteristic. 
Figure 6.9.  STATCOM and its V-I characteristic. 
 
 
 
6.6 STATCOM Operation and Control Modes 
When grid voltage is lower than the STATCOM terminal voltage, STATCOM inject 
reactive current to the grid to support the voltage and acts as a capacitor. When grid 
voltage is higher than the STATCOM terminal voltage, STATCOM absorb reactive 
current from the grid to decrease the voltage and acts as an inductor. Fig. 6.10 shows 
equivalent circuit of the STATCOM, where Vpcc and θpcc are the voltage and the angle of 
the bus to which STATCOM is connected. And Vsh and θsh are the voltage and the angle 
of the synchronous voltage source (STATCOM) and Zsh is impedance through which 
statcom is connected to the point of common coupling (PCC). Real and reactive power 
exchange between PCC and statcom can be written as [115], [127]; 
 
𝑃𝑠ℎ = 𝑉𝑝𝑐𝑐
2  𝐺𝑠ℎ − 𝑉𝑝𝑐𝑐𝑉𝑠ℎ{𝐺𝑠ℎ cos(𝜃𝑝𝑐𝑐 − 𝜃𝑠ℎ) + 𝐵𝑠ℎ sin(𝜃𝑝𝑐𝑐 − 𝜃𝑠ℎ)}          (6-5) 
 
𝑄𝑠ℎ = −𝑉𝑝𝑐𝑐
2 𝐵𝑠ℎ − 𝑉𝑝𝑐𝑐𝑉𝑠ℎ{𝐺𝑠ℎ sin(𝜃𝑝𝑐𝑐 − 𝜃𝑠ℎ) − 𝐵𝑠ℎ cos(𝜃𝑝𝑐𝑐 − 𝜃𝑠ℎ)}        (6-6) 
 
Where, Gsh is the conductance, Bsh is the sussceptance and Gsh + Bsh = 1/ Zsh. 
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Figure 6.10.  STATCOM equivalent circuit. 
 
 
The control of reactive power flow provided by STATCOM can be realized in one of 
the following control modes [115], [127]. 
 
6.6.1 Reactive Power Control 
In this control mode,  STATCOM absorb or inject reactive power to the PCC according 
to a set reference reactive power  𝑄𝑠ℎ
𝑟𝑒𝑓
  by the wind farm controller. Thus reactive 
power control equation can be written as [127]; 
 
 𝑄𝑠ℎ − 𝑄𝑠ℎ
𝑟𝑒𝑓 = 0                                                                                               (6-7) 
 
6.6.2 Voltage Magnitude Control at PCC 
In this control STATCOM absorb or inject reactive power to the PCC according to a set 
reference voltage magnitude  𝑉𝑝𝑐𝑐
𝑟𝑒𝑓
  by the wind farm controller. Thus voltage magnitude 
control equation can be written as [127]; 
 
 𝑉𝑝𝑐𝑐 − 𝑉𝑝𝑐𝑐
𝑟𝑒𝑓 = 0                                                                                               (6-8) 
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Figure 6.11. Reactive power of STATCOM for leading and lagging power factor. 
 
6.6.3 Power Factor Control at PCC 
In this power factor control method, STATCOM absorb or inject reactive power to the 
PCC according to a reference power factor, 𝑐𝑜𝑠 𝜃𝑟𝑒𝑓 by the wind farm controller. The 
reactive power control equation can be written as [127]; 
 𝑄𝑝𝑐𝑐 − 𝑄𝑝𝑐𝑐
𝑟𝑒𝑓 = 0                                                                                              (6-9) 
In Fig.6.11 active and reactive power at PCC are  Ppcc and  𝑄𝑝𝑐𝑐
𝑟𝑒𝑓
 respectively. Spcc and 
𝑐𝑜𝑠 𝜃𝑟𝑒𝑓 are active power, reactive power, apparent power and desired power factor 
respectively.  From Fig.6.11 it can be written as; 
 
 (𝑃𝑝𝑐𝑐)
2 + (𝑄𝑝𝑐𝑐
𝑟𝑒𝑓)2 = (𝑆𝑝𝑐𝑐)
2                                                                         (6-10) 
 (𝑄𝑝𝑐𝑐
𝑟𝑒𝑓)2 =
(𝑃𝑝𝑐𝑐)
2
(𝑐𝑜𝑠  𝜃𝑟𝑒𝑓)2
−  (𝑃𝑝𝑐𝑐)
2                                                                    (6-11) 
 𝑄𝑝𝑐𝑐
𝑟𝑒𝑓 = √
(𝑃𝑝𝑐𝑐)2
(cos 𝜃𝑟𝑒𝑓)2
−  (𝑃𝑝𝑐𝑐)2                                                                      (6-12) 
 
From equation (6-12) for a required power factor, 𝑐𝑜𝑠 𝜃𝑟𝑒𝑓 by the wind farm controller 
can be achieved by absorbing or injecting reactive power 𝑄𝑝𝑐𝑐
𝑟𝑒𝑓
 to the PCC. 
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6.7 STATCOM Modelling and Control 
Fig. 6.12 shows a three-level NPC-based STATCOM configuration connected to the 
grid at PCC. The grid system is represented by a three-phase voltage source behind 
series RL elements in each phase. The STATCOM in Fig.6.12 either controls the power 
factor or regulates the voltage at the PCC by supplying/absorbing reactive power to the 
PCC. The STATCOM also regulates its dc bus voltage,, through real power exchange 
with the grid.  
 
The ac side voltage equations of the STATCOM in Fig. 6.12 are given by 
 
 𝑉𝑎𝑏𝑐𝑠 = 𝑅𝑆𝑖𝑎𝑏𝑐𝑠 + 𝐿𝑆𝑝(𝑖𝑎𝑏𝑐𝑠) + 𝑉𝑎𝑏𝑐                                                            (6-13) 
 
where,  
Resistive loss in the system RS = diag {RS, RS, RS} 
Leakage inductance of transformer windings LS = diag {LS, LS, LS} 
p is the operator (d/dt) 
STATCOM ac voltage 𝑉𝑎𝑏𝑐𝑠 = [ 𝑉𝑎𝑠  𝑉𝑏𝑠 𝑉𝑐𝑠 ]
T
                                                               
STATCOM current,  𝑖𝑎𝑏𝑐𝑠 = [ 𝑖𝑎𝑠  𝑖𝑏𝑠 𝑖𝑐𝑠 ]
T
                                                                    
Voltage at point of common coupling 𝑉𝑎𝑏𝑐 = [ 𝑉𝑎  𝑉𝑏 𝑉𝑐 ]
T
         
The equivalent circuit for phase  ‘a’ is shown in Fig. 6.13 [127]. In this figure, Va is the 
voltage at PCC, 𝑅S is the resistance that represents loss in the system, 𝐿S is the leakage 
inductance of transformer, (V𝑎s1 − V𝑎s2) = V𝑎s is the voltage across primary of 
transformer which is controlled by the STATCOM. 
 
 
Figure 6.12 Three level NPC based STATCOM connected to the grid 
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The equivalent circuit for phase  ‘a’ is shown in Fig. 6.13 [127]. In this figure, Va is the 
voltage at PCC, 𝑅S is the resistance that represents loss in the system, 𝐿S is the leakage 
inductance of transformer, (V𝑎s1 − V𝑎s2) = V𝑎s is the voltage across primary of 
transformer which is controlled by the STATCOM. 
 
The voltage equations for in abc variables are given by 
 𝑉𝑎 + 𝑅𝑆𝑖𝑎 + 𝐿𝑆
𝑑𝑖𝑎
𝑑𝑡
− 𝑉𝑎𝑠 = 0                                                                        (6-14)   
 𝑉𝑏 + 𝑅𝑆𝑖𝑏 + 𝐿𝑆
𝑑𝑖𝑏
𝑑𝑡
− 𝑉𝑏𝑠 = 0                                                                       (6-15)    
 𝑉𝑐 + 𝑅𝑆𝑖𝑐 + 𝐿𝑆
𝑑𝑖𝑐
𝑑𝑡
− 𝑉𝑐𝑠 = 0                                                                          (6-16)  
The above equations can be transformed to the d-q rotating reference frame. The q-axis 
component of the PCC voltage vq is chosen to be zero and the d- axis voltage at PCC  
(vd)  is aligned with the reference frame. The d- and q-axis voltages of the STATCOM 
are [115]: 
𝑉𝑑𝑠 = 𝑉𝑑 + 𝑅𝑆𝑖𝑑𝑠 + 𝐿𝑆
𝑑𝑖𝑑𝑠
𝑑𝑡
− 𝐿𝑆𝜔𝑠𝑖𝑞𝑠                                                         (6-17)       
 𝑉𝑞𝑠 =  0 + 𝑅𝑆𝑖𝑞𝑠 + 𝐿𝑆
𝑑𝑖𝑞𝑠
𝑑𝑡
+ 𝐿𝑆𝜔𝑠𝑖𝑑𝑠                                                          (6-18) 
where 
ids -  d-axis current component   
iqs -  q-axis current component   
vds - d-axis voltage component  
vqs - q-axis voltage component, and  
ωs -  system frequency 
 
 
Figure 6.13  Single phase equivalent circuit of the STATCOM system. 
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Equations (6-17) and (6-18) indicate that the d- and q-axis current components ids and iqs 
are cross-coupled. If there is any change in q-axis variables, that will affect   the d-axis 
current. Similarly, a change in d-axis variable will also affect the q-axis current. A 
decoupled current controller is necessary to solve this problem, which is shown in 
Fig.6.14.  
 
The vector control scheme of STATCOM with decoupled current controllers is shown 
in Fig.6.14.  The dc link voltage controller is used to set d-axis current reference 𝑖𝑑𝑠
∗  and 
maintain dc-bus voltage [128]. First PI controller in the second control path used to set 
q-axis current reference 𝑖𝑞𝑠
∗  and maintain the voltage at point of common coupling 
(PCC) at desired level. Other two PI controllers keep track of reference currents (𝑖𝑑𝑠
∗ , 𝑖𝑞𝑠
∗  
) and the outputs are added to the cross coupling compensation terms to produce 
command voltages 𝑣𝑑𝑠, 𝑣𝑞𝑠 . Finally, voltages 𝑣𝑑𝑠, 𝑣𝑞𝑠  are converted to abc-reference 
frame to produce modulating signal [128]. 
 
 
Figure 6.14. Control scheme of STATCOM with decoupled current controllers 
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6.8  Simulation Results and Discussions 
6.8.1  System Structure 
To evaluate the performance of the STATCOM with supercapacitor energy storage in 
enhancing dynamic voltage stability, a simulation model has been developed using 
Matlab/SimpowerSystems. Fig.6.15 shows the configuration of the studied system 
which include PMSG based wind turbines (9 MW), STATCOM (± 3.5 MVAR), lines, 
local loads, transformers and grid (100 MVA). The power system is studied to evaluate 
the system performance under different contingencies such as voltage swell, voltage 
sag, fault and sudden load change. The values and ratings of system components are 
presented in Fig.6.15. The short circuit capacity of the grid is 100 MVA and it is a weak 
grid. The system parameters are shown in Table 6.1  
 
Figure 6.15.  System configuration of the studied system. 
Table 6.2: System parameters of studied system 
Wind Turbine 3× 3 MW PMSG, 690 V 
Transformers for the interface of wind turbines 3× 690V/25 kV, 4 MVA 
Transformer for STATCOM 1250V/25kV, 4 MVA 
Load side transformer 25kV/600V, 4 MVA 
Load1 3 MW  0.5 MVAR 
Load 2 3×1 MW 
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6.8.2  Performance Evaluation of STATCOM with Supercapacitor Energy Storage 
under Different Contingencies 
 
6.8.2.1 Performance of the STATCOM during voltage swell and voltage sag 
To evaluate the performance of the STATCOM with supercapacitor energy storage 
under voltage swell and voltage sag, the grid voltage is changed to ±12% of the rated 
voltage as shown. Initially the grid voltage is such that the STATCOM is inactive and it 
does not supply or absorb any reactive power. The grid voltage is increased by 12% at 
t=3.2 sec and the grid voltage becomes 1.12 pu as shown in Fig.6.16(a).  The 
STATCOM absorbs reactive power (Qs = + 3.2 MVAR) from the network (as shown in 
Fig.6.16 (b)) to compensate for the voltage rise at PCC. The grid voltage is reduced by 
12% at t=3.5 sec. The STATCOM supply reactive power (Qs = - 3.2 MVAR) to the 
network to maintain the PCC voltage close to 1 pu. The STATCOM controller 
performance and corresponding q-axis current (iqs) are shown in Fig.6.19. 
 
Figure 6.16. Performance of STATCOM during voltage swell and voltage sag. 
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6.8.2.2 Performance of the STATCOM during three phase fault 
The performance of the STATCOM is evaluated by introducing a three phase 
impedance short circuit fault as shown in Fig.6.15. Three phase short circuit fault is 
introduced at t=4.5 sec for 150 ms and cleared at t= 4.65 sec. Fig.6.17 (a) and (b) show 
the voltage and reactive power  at PCC with and without STATCOM, respectively. It is 
seen that the voltage takes a longer time to recover after the fault has been cleared 
without any compensation. The voltage drops to 0.855 pu which may not fulfill the grid 
code requirement for certain transmission operator. With the STATCOM, the voltage 
recovery is faster with lesser voltage drop during fault. The STATCOM controller 
performance and corresponding q-axis current (iqs) are shown in Fig.6.19. 
Figure 6.17 (c) shows the performance of the STATCOM under unsymmetrical faults 
(single line to ground at t=1 sec and double line to ground at t=2 sec). It is observed that 
the STATCOM also performs well during unsymmetrical faults. 
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(c) Voltage at PCC with and without STATCOM during single phase to ground fault and double line to 
ground fault. 
Figure 6.17. Performance of STATCOM during three, two and single  phase short circuit. 
 
6.8.2.3 Performance of the STATCOM during sudden load changes 
The performance of the STACOM to provide support during sudden load change is 
investigated by adding a load of 3 MW, 0.5 MVAR at t=5 sec. The load is released from 
the network at t=5.5 sec. Fig.6.18 (a) shows the voltage at PCC with and without 
STATCOM.  It is seen in Fig.6.18 (b) that the STATCOM is able to overcome the load 
disturbance by supplying reactive power (-1.9 MVAR) to the network and maintain the 
voltage at 1 pu. 
Figure 6.18. Performance of STATCOM during sudden load changes. 
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6.8.2.4 Performance of the STATCOM Controllers under different contingencies 
Fig.6.19 shows the performance of the STATCOM controllers under voltage swell, 
voltage sag, fault, and sudden load changes. Fig.6.19((a) to (d) show the voltage at PCC 
(Vpcc), q-axis current (iqs), d-axis current (ids) and STATCOM dc link voltage (Vdc) 
together with their respective references, respectively. It is seen that voltage and current 
controllers follow their  reference  quite   well during voltage swell/sag,  grid fault and 
sudden load changes. The STATCOM controllers show very good dynamic and steady 
state performance and able to supply/absorb required reactive power based under 
different contingencies. 
 
 
Figure 6.19. Performance of STATCOM controllers during voltage swell, voltage sag, fault and load 
changes. 
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6.8.2.5 Performance Comparison of the STATCOM with Supercapacitor Energy 
Storage and SVC 
 
A performance comparison of STATCOM with super capacitor energy storage and SVC 
is shown in Fig.6.20. It is seen that STATCOM with supercapacitor energy storage 
perform better than traditional SVC under three phase fault and voltage swell. 
 
 
(a) Performance comparison during three phase fault 
 
 
 
 
 
(b) Performance comparison during voltage swells. 
 
 
Figure 6.20 Performance comparison of STATCOM with super capacitor energy 
storage and SVC. 
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6.9 Summary 
 
The issues and impacts associated with the grid integration of wind energy system is 
reviewed in this chapter. It is necessary for the wind farm to provide necessary reactive 
power support to maintain the dynamic voltage stability of the power system. To 
enhance the voltage stability and fault ride through capability of wind farms, the 
application of STATCOM with supercapacitor energy storage is investigated in this 
chapter. To evaluate the performance of the STATCOM with supercapacitor energy 
storage in enhancing dynamic voltage stability, a simulation model has been developed 
using Matlab/SimpowerSystems. All the associated controllers are also implemented.  
The performance of the STATCOM with supercapacitor energy storage is evaluated 
under different contingencies such as Voltage swell/sag, fault, and sudden load changes. 
Results show that the STATCOM can improve the steady state and dynamic 
performance during various disturbances.  The STATCOM controllers show very good 
dynamic and steady state performance and able to supply/absorb required reactive 
power under different contingencies to maintain the voltage stability. 
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Chapter 7 
 
 
Conclusions and Suggestions for Future Research 
 
 
 
  
 
7.1 Conclusions 
 
In this thesis, several aspects of modelling and control of interior permanent magnet  
synchronous generator based grid connected variable speed wind turbine with 
maximum power extraction are considered. Both the indirect and direct control 
strategies are addressed for IPM synchronous generator based variable speed wind 
turbines are investigated. The impacts and issue associated with grid integration of wind 
farm are also studied.  
 
The main outcomes and contribution of the thesis are summarised as follows. 
 
(vi) Analysis and Modelling: Mathematical Analysis, modelling of wind turbine 
and IPM synchronous generator based variable speed wind turbine. The detail 
analyses of IPM synchronous generator are presented in Chapter 2 and 3, 
which are used to develop control strategies presented in this thesis. 
 
(vii) Parameter Measurement of IPM Synchronous Generator: Simple 
parameter measurement methods are developed for accurate measurement of 
parameters of IPM synchronous generator. The accurate machine model and 
parameters are required to analyse the performance and to design high 
performance controllers. Analysis and experimental results are presented in 
Chapter 3. Results show that that these methods can be used for accurate 
parameter measurement of IPM synchronous generator. 
(viii) Indirect Control of IPM Synchronous Generator: An enhanced indirect 
control scheme for IPM  synchronous generator is developed by incorporating 
maximum torque per ampere trajectory (MTPA) and maximum power extraction 
(MPE) algorithm with the control scheme of generator side PWM rectifier to enhance 
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the system performance and efficiency. The main advantage of incorporating MTPA 
trajectory in the control scheme is that it can generate the required torque with a 
minimum stator current. Therefore, the stator loss of the IPM synchronous generator is 
minimized. The MTPA control scheme ensures maximum utilization of the stator 
current. The detail analysis of the converter and the control scheme is presented in 
chapter 4. The proposed control scheme is simulated in Matlab/SimpowerSystems 
environment and experimentally implemented using DSpace DS1104 digital signal 
processor (DSP) system. The simulations and experimental results confirm the 
effectiveness of the proposed control scheme and shows very good dynamic and 
steady state performance. The control scheme can perform well and able to extract 
maximum/optimum power under varying wind speeds.  
 
(ix) Direct Torque and Flux Control Scheme of IPM Synchronous Generator: 
In an indirect vector control scheme, the IPM synchronous generator torque is 
controlled by controlling the d- and q-axes currents. Therefore, the generator 
torque is controlled indirectly by controlling d- and q-axes currents in the rotor 
reference frame. As the calculations are done in the rotor reference frame, a 
coordinate transformation is necessary in this scheme. This scheme is affected 
by generator parameter variations and introduces delay in the control system. 
Therefore, an advanced direct torque and flux control scheme for IPM 
synchronous generator based variable speed wind turbine with MPE is 
proposed in chapter 5 to overcome the drawbacks associated with indirect 
vector control scheme. The DTFC scheme possesses advantages such as lesser 
parameter dependence and reduced number of controllers compared with 
traditional indirect vector control scheme. The direct control scheme is simpler 
and can eliminate the drawbacks of traditional indirect vector control scheme.  
Results show that the DTFC scheme can operate under varying wind speeds to 
extract maximum power. 
 
(x) Dynamic Voltage Stability Enhancement Using Supercapacitor Energy 
Storage: Dynamic voltage stability and fault ride through are the important 
issues among the challenges for grid connected wind firms with large 
penetration level. The challenges and issue associated with the wind energy 
integration can be eliminated or minimized by integrating supercapacitor.   
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This storage system can be used to enhance LVRT capability of wind firm and 
to improve dynamic voltage stability. In this thesis, issues and impacts 
associated with the wind integration into the grid are discussed. The application 
of static synchronous compensator (STATCOM) with supercapacitor energy 
storage with is investigated to enhance the dynamic performance of a grid 
connected wind firm. The control strategy for the STATCOM with 
supercapacitor energy storage is developed to enhance the dynamic voltage 
stability of the wind firm.  The main motivation for using choosing STATCOM 
is its ability to provide voltage support either by supplying and/or absorbing 
reactive power into the power grid. Simulation model and associated 
controllers have been implemented in Matlab/SimpowerSystem and results are 
discussed. 
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7.2 Suggestions for Future Research 
 
The research work presented in this thesis produced promising results. However, These 
works can be further improved. The future research may include the followings: 
(i) Study the effect of parameter variation, dead time of converter in DTFC 
scheme. 
(ii) Development of sensor less DTFC scheme with SVM (Space Vector 
Modulation) and multilevel converter.  
(iii) Conducting a detail study on the impacts and interaction of wind energy 
system connected to the grid and find remedial measures 
(iv) Study the effect of voltage surge and sub-synchronous resonance in wind 
farm 
(v) Application of robust/predictive control techniques to the design of control 
systems for the enhancement of dynamic voltage stability. 
(vi) All of the above mentioned points should be verified through experimental 
investigation. 
(vii) The application of variable structure theory based control strategy can be 
investigated. The items of investigation may include theoretical analysis, 
design and control algorithm development. 
(viii) In a wind farm, power converters operate in parallel. However, But it can 
cause the zero-sequence circulating-current (ZSCC), which brings current 
discrepancy, current waveform distortion, power losses, and 
electromagnetic interference (EMI). Research can be conducted to develop 
Improved topology can be developed to overcome these problems. 
(ix) Sensorless control strategy using sliding mode obsever can be applied to 
estimate rotor position of PMSG by using the measured stator currents and 
the commanded stator voltages obtained from the control scheme of the 
machine-side converter of the PMSG based direct drive wind turbine.  A 
back-propagation artificial neural network can then be designed to estimate 
the wind speed in real time by using the estimated turbine shaft speed and 
mechanical power. The estimated wind speed can be used to determine the 
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optimal shaft speed reference for the PMSG control system. The validity of 
the proposed estimation and control algorithms can be verified using 
simulation and experiment. 
(x) Adaptive Maximum Power Point Tracking (MPPT) controller for PMSG wind 
turbine and direct power control for grid side inverter can be developed for 
transformer less integration of wind energy. The optimal control strategy can be 
introduced for integrated control of PMSG maximum power extraction, DC link 
voltage control and grid voltage support.  
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